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Th is  t h e s i s  presents a study o f  some aspects o f  the  powder m e ta l lu rg y  o f  
t i t a n iu m .  With such a re a c t i v e  metal i t  Is impossib le t o  avoid o x id a t i o n  
and p a r t i c u l a r  emphasis Is placed on how ox ide  f i lm s  may a f f e c t  both 
press ing  and s i n t e r i n g .  A s e n s i t i v e ,  e l e c t r i c a l  re s is ta nc e  method and 
d i l a t o m e t r y  were chosen to  m on i to r  these processes and i n i t i a l  work was 
c a r r i e d  ou t  on high p u r i t y  powder. Th is  was produced by the  h yd r ide ­
dehydr ide process a f t e r  e s t a b l i s h i n g  the  c o n d i t i o n s  requ i red  t o  produce 
a f i n e  powder which could r e a d i l y  be o x id i s e d .  The r e s u l t s  obta ined  
from s i n t e r i n g  exper iments using t h i s  m a te r ia l  were not  s u i t a b l e  f o r  
q u a n t i t a t i v e  a n a ly s is  so a mathemat ical  model was devised t o  r e l a t e  
res is tance  change t o  the  processes t a k in g  p lace dur ing  the  s i n t e r i n g  o f  
sphe r ica l  p a r t i c l e s .  Th is  model was then tes ted  using s imple  arrangements 
o f  spher ica l  p a r t i c l e s .
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1. INTRODUCTION
With p resen t  day concern over the  conse rva t ion  o f  m a te r ia l s  and the  e f f i c i e n t  
use o f  m a t e r i a l s ,  powder m e ta l lu rg y  Is p ro v id in g  an im portan t  f a b r i c a t i o n  
rou te .  In I t s  youth ,  in the  I920 ’ s and !930 ’ s, powder m e ta l lu r g y  was used 
s o l e l y  f o r  the  manufacture o f  h igh m e l t in g  p o in t  a l l o y s  o r  t o  produce 
components where p o r o s i t y  was an e ss e n t ia l  p ro pe r ty  o f  the  p ro duc t .  In the 
former case, high s i n t e r i n g  temperatures o r  ho t  p ress ing had t o  be 
resorted  to  f o r  the  removal o f  the  f i n a l  t ra ces  o f  p o r o s i t y  which. I f  i t  
had remained, would have reduced th e  inheren t  s t re n g th  o f  the  product  and 
consequent l y  l im i t e d  the  a p p l i c a t i o n  o f  powder components. Such t rea tments  
have in  the  l a s t  decade been la r g e l y  supplanted by the  processes o f  s i n t e r  
f o r g i n g  and e x t r u s i o n .  These processes produce d i r e c t l y  a f u l l y  dense 
m a te r ia l  having p ro p e r t i e s  which compare we l l  w i th  those o f  c o n v e n t i o n a l l y  
produced components.
T r a d i t i o n a l l y ,  design s p e c i f i c a t i o n s  have been based on the  p ro p e r t i e s  o f  
products  made by convent iona l  processes. Such p r o p e r t i e s  f r e q u e n t l y  tend 
to  be s u p e r io r  to  those o f  powder m e ta l lu rg y  components. Today, however, 
des igners r e a l i s e  t h a t  powder components w i l l  per form s a t i s f a c t o r i l y  and 
are now ab le  t o  red e f in e  c e r t a i n  s p e c i f i c a t i o n s .  Both the  a b i l i t y  t o  
achieve f u l l  d en s i t y  and the  m o d i f i c a t i o n  o f  design s p e c i f i c a t i o n s  account  
f o r  the in c reas ing  use o f  powder m e ta l lu r g y ,  and an examinat ion  o f  the 
advantages o f  t h i s  f a b r i c a t i o n  rou te  in d ic a te s  a p p l i c a t i o n s  where i t  is 
i n v a lu a b le .
1.1 The Advantages o f  Powder M e ta l lu rg y
The conserva t ion  o f  resources and e f f i c i e n t  use o f  m a te r ia l s  have 
been s ta ted  above as reasons f o r  the  growth o f  powder m e ta l lu rgy  
and these lead d i r e c t l y  t o  the  economic advantages o f  t h i s  process 
rou te .
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The f i r s t  advantage Is In the  red uc t ion  o f  th e  number o f  process 
steps  requ ired  t o  make a component. A powder can be compacted 
d i r e c t l y  to  the  shape o f  th e  a r t i c l e  requ i red  and then s in te r e d  
t o  g ive  a s t rong ,  dense body. Convent ional  processes re q u i re  
c a s t i n g  fo l lowed  by f o r g i n g ,  r o l l i n g ,  p ress ing  and machining p o s s ib ly  
w i th  rehea t ing  a t  each stage .  A i l  these processes add t o  the  cos t  o f  
f a b r i c a t i o n  and the  more e x o t i c  the  m a t e r i a l ,  the  h ig h e r  these costs  
become. For example, t i t a n i u m  re q u i res  spec ia l  r e f r a c t o r i e s  and 
atmospheres which add t o  process co s ts .
Secondly,  a f t e r  cas t ing^as  much as 25^ o f  the i n i t i a l  cas t  m a te r ia l  
may be l o s t  as " f l a s h "  and a f u r t h e r  50% may be removed by m a c h in i n g ( l ) .  
Using powder m e ta l lu rg y  g re a t  d imensional  accuracy may be obta ined  
w i th  the  minimum we ight  o f  m a te r ia l  w h i le  e l i m i n a t i n g  f l a s h  and 
m in im is in g  machin ing.
A t h i r d  economic advantage is  t h a t  powder can g e n e r a l l y  be processed 
a t  lower temperatures than f u l l y  dense m a t e r i a l .  The s i n t e r i n g  o f  
powder p a r t i c l e s  r e l i e s  on the  red uc t io n  in su r face  energy t o  b r in g  
about  d e n s i f i c a t i o n  and a f i n e  powder, having an i n h e r e n t l y  high 
su r face  energy,  w i l l  become dense a t  about  two t h i r d s  o f  i t s  abso lu te  
m e l t in g  p o i n t .  Thus, some o f  the  expense o f  c a s t i n g  may be e l im in a te d .  
Whi le i t  is  s t i l l  porous,  the  powder component may a lso  be more e a s i l y  
deformed than i t s  cas t  c o u n te r p a r t  so t h e r e  can be some reduc t io n  in 
machining cos ts .  For c e r t a i n  very f i n e  o r  r e a c t i v e  powders, the  
advantage o f  lower operat ing tempera tures may be o f f s e t  by the 
expense o f  hand l ing  in i n e r t  atmospheres.  The economics o f  p ro v id ing  
spec ia l  atmospheres and glove  boxes are cons idered by White & Smith(2)  
and Russel 1 (3 ) .  However, t h i s  may no t  be such a s e r io us  d isadvantage 
as most convent iona l  high tempera ture  processes a lso  re q u i re  spec ia l  
atmospheres.
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An important  tec h n o log ic a l  advantage when using powders is  the  ease 
o f  ach iev ing  chemical homogeneity.  Th is  overcomes the  d i f f i c u l t y  in 
producing h igh q u a l i t y  a l l o y s ,  such as the supe ra l loys  and too l  
s t e e l s ,  where the  convent iona l  c a s t i n g  techniques invo lve  the  r i s k  
o f  segregat ion  as a r e s u l t  o f  d e n s i t y  d i f fe re n c e s  o f  the  component 
meta ls .  Such m a te r i a l s  then have t o  be h e a v i l y  worked in an a t tem p t  
t o  homogenise the s t r u c t u r e .  Processing may be c a r r i e d  o u t  by m ix ing  
the  e lemental powders o r  by using p re -a l lo y e d  powder where each 
p a r t i c l e  may be considered as a small  ingo t  o f  the  c o r r e c t  compos i t ion .  
Both methods are in commercial use.
Powder m e ta l lu rgy  can a lso  o f f e r  spec ia l  advantages to  s t r u c t u r a l  
p r o p e r t i e s .  C o n t r o l l e d  p o r o s i t y  f o r  f i l t e r s  and bear ings has a l ready  
been mentioned.  Grain s i z e  can be governed by choice  o f  i n i t i a l  
p a r t i c l e  s ize  and t h i s  In t u r n  in f luences  p ro p e r t ie s  such as the  
y i e l d  s t r e s s ,  the d is p e rs io n  o f  a second phase and the magnet ic 
p r o p e r t i e s  o f  c e r t a i n  m a te r ia l s .
2 The Commercial Importance o f  T i tan ium  A l lo y s
At t h i s  stage a b r i e f  d iscuss ion  o f  the t i t a n iu m  in d us t r y  and a few 
examples o f  i t s  products w i l l  serve t o  i l l u s t r a t e  the  importance o f  
powder m e ta l lu rgy  t o  t i t a n i u m  a l l o y s .
I t  is now being recognised t h a t  t i t a n i u m  has become one o f  the  most 
s i g n i f i c a n t  eng ineer ing  m a te r i a l s  o f  the  pas t  decade. Al though 
volume produc t ion  is  sm a l l ,  two p r o p e r t i e s ,  c o r ro s io n  re s is ta nc e  
and high s t r e n g t h - t o - w e i g h t  r a t i o ,  make t i t a n iu m  a l l o y s  im portant  
in the chemical p rocess ing and a e ron au t ica l  i n d u s t r i e s .
Al though t i t a n i u m  is  t h e  f o u r t h  most abundant metal in the e a r t h ' s  
c r u s t  i t  is  not  e a s i l y  won from the  ox ide  ore because o f  i t s  
s t a b i l i t y .  i t  Is l a r g e l y  due t o  the  demands o f  the  a i r c r a f t  I ndu s t ry  
and the  advent  o f  the ICI o r  the  K ro l I  processes f o r  red uc t ion  o f
4.  . . /
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t i t a n i u m  t e t r a c h l o r i d e  by sodium o r  magnesium, t h a t  p ro duc t io n  has 
been increased to  an i n d u s t r i a l  sca le .  Product ion  o f  sponge by t h i s  
method in the United States  in 1962 was 6200 tonnes a t  $3 .30/kg ,  but  
the  p r i c e  soon dropped t o  a leve l  o f  $ 2 . 86/kg.  Consumption rose to  
18,560 tonnes in 1969, b u t  f e l l  t o  12,200 tonnes In 1972 as a r e s u l t  
o f  the  c a n c e l l a t i o n  o f  several  aerospace p r o je c t s .
Consumption in 1974 had r i se n  t o  24,000 tonnes and the  sponge p r i c e ,  
ranged from $ 4 .5 0 -5 .90 /kg (4 ). An Increase in the  p ro p o r t io n  used in 
the  a i r c r a f t  i n d us t r y  is  p re d ic te d  a f t e r  1975. Consumption f i g u r e s  
f o r  the  Uni ted Kingdom show a s i m i l a r  t re nd ;  a maximum o f  2,730 tonnes 
in 1969, 2,650 tonnes in 1970 and 1,360 tonnes In 1972, w h i le  
p roduc t ion  c a p a c i t y  is  o f  3,000 tonnes per annumC25). Any modest 
increase in demand cou ld  thus be e a s i l y  met.
The f o l l o w in g  t a b le  o f  t i t a n i u m  consumpt ion by va r io us  branches o f  
in d u s t r y  in the USA shows t h a t  the  a i r c r a f t  i n dus t ry  is  by f a r  the  
main consumer desp i te  i t s  decreased demand( 4 ,5 ) .
User
Year
1968 1969 1970 1972 1975 1980Ca)
Aero engines 54 54 53
Ai r  frames 33 28 25 78 56 62
Space, m is s i i e s 8 8 9
Other indus t ry 5 10 13 22 44 38
TOTAL 100% 100% 100% 100% 100% 100%
(a) p red ic te d
Apar t  f rom a e rona u t ica l  a p p l i c a t i o n s ,  the  t a b le  shows a steady 
increase in the i n d u s t r i a l  use of  t i t a n i u m .  The chemical i nd us t ry  
now uses t i t a n iu m  in the  form o f  sheet  and tube in heat  exchangers.
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f o r  va lves  and marine s t r u c t u r e s ,  such as va ts  where c o r ro s io n  
re s is ta nce  is  an im portan t  f a c t o r .  Compet i t ion  In t h i s  f i e l d  a ga in s t  
more t r a d i t i o n a l  m a te r i a l s ,  such as s t a i n l e s s  s tee l  and copper,  is  
severe,  bu t  long se rv ic e  l i f e  and the  a b i l i t y  t o  opera te  a t  h ig he r  
tempera tures  favour  the  use o f  t i t a n i u m .  The high s t r e n g t h - t o -  
we ight  r a t i o  leads t o  reduc t io ns  in c e n t r i f u g a l  and i n e r t i a l  s t resses  
in components used a t  high r o t a t i o n a l  speeds as in t u r b i n e s ,  engines 
and c e n t r i f u g e s .  One minor use is  in the  f a b r i c a t i o n  o f  su rg ic a l  
implants where ine r tness  t o  a t t a c k  f rom body f l u i d s  is  im por tan t .
Thus, a l though  the  ups and downs o f  the  a i r c r a f t  i n d u s t r y  w i l l  determine 
t i t a n i u m  p roduc t io n  in the immediate f u t u r e ,  demand f rom o th e r  
i n d u s t r i e s  w i l l  probab ly con t in ue  t o  increase as they become more 
aware o f  i t s  advantageous p r o p e r t i e s .
D i r e c t  co s t  comparisons between powder m e ta l lu rg y  and convent iona l  
processes are not  always easy to  make bu t  an a t tempt  can be made in 
the case o f  powder f o r g i n g  and convent iona l  f o r g i n g .  Here, the  costs  
of  the two processes t o  make a p roduct  o f  g iven s p e c i f i c a t i o n  can be 
compared. For convent iona l  f o r g i n g ,  ca s t  t i t a n i u m  in g o t  may be used 
a t  a cos t  o f  £4-£7 /kg ,  bu t  w i t h  a scrap p r i c e  reaching  £6 /kg (6 )  and 
assuming waste from f la s h  and machining t o  be about  50%, the  t o t a l  
m a te r ia l  cos ts  are l i k e l y  t o  be in the  region o f  £10~£l,2/kg.  In 
the powder f o r g i n g  process,  the re  is  l i t t l e  waste In mach in ing ,  so 
m a te r ia l  cos ts  w i l l  f a l l  between the  £7 and £ 10/kg. The l a t t e r  rou te  
has fu r , ther  advantages in t h a t  f o r g i n g  temperatures and pressures are 
lower , thus  p ro long ing  to o l  l i f e  and perhaps reduc ing the  number o f  
f o r g i n g  steps .
6.  . .  /
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Thus, depending on powder s p e c i f i c a t i o n ,  powder f o r g i n g  could be a 
cheaper process than convent iona l  f o r g i n g .  I f ,  however, scrap could 
be used as a s t a r t i n g  m a te r ia l  f o r  powder manufacture then the  co s t  
o f  a l l o y  powder would be f u r t h e r  reduced.
In the  a i r c r a f t  I nd u s t ry ,  the  powder f o r g i n g  process Is used in the
produc t ion  o f  cargo r in g s  and o th e r  fas te n e rs  using the  T I -6A I-4V
a l l o y .  In the  case o f  one a i r c r a f t  a we ight  saving o f  1,810 kg has 
been made s imp ly  be re p la c in g  s te e l  fa s ten e rs  w i t h  t h i s  a l l o y .  The 
same a l l o y  and f a b r i c a t i o n  rou te  is  used t o  produce guide vanes and 
t u r b i n e  b lades f o r  engines made by General E l e c t r i c  and P r a t t  & Witney 
f o r  the F-15 and TF-39 t r a i n i n g  a i r c r a f t C 6 , 7 , 8 ) .
Another a l l o y ,  IMl 685 C T i-6A | -5Z r -0 .5Mo-0 .3S i)  Is used f o r  the  
compressor b lades o f  the  Olympus 593 engine f o r  Concorde and the  
RB21I engine f o r  the  T r i s t a r .  Th is  a l l o y  Is used f o r  i t s  creep 
re s is ta n ce  a t  high tempera ture .  In the  case o f  such t i t a n i u m -  
molybdenum a l l o y s ,  segrega t ion  is  a hazard dur ing  c a s t i n g  so a powder 
m e ta l lu rgy  rou te  would be advantageous In t h i s  case.
Sheet, tube and e x t ru s io n s  such as w i re  are a lso  produced f rom t i t a n i u m  
a l l o y s .  However, widespread a p p l i c a t i o n  o f  powder e x t r u s i o n  and 
powder r o l l i n g  in the  f u t u r e  may make powder m e ta l lu r g y  a se r ious  
c o m p e t i to r  f o r  the  t r a d i t i o n a l  processes.  For the  t ime being,  
maximum co s t  savings in t h e  p roduc t ion  o f  components are o n l y  
r e a l i s e d  in the  case o f  p a r t s  which are  pressed and s in t e r e d .
When these more recen t  powder m e ta l l u r g y  techniques are a v a i l a b l e  t o
in d u s t r y ,  i t  w i l l  be p o ss ib le  t o  process a very wide range o f  t i t a n i u m  
a l l o y s .  So f a r ,  the  most w ide ly  used a l l o y  Is TI-6A1-4V (IMl 318).
Th is  is  a two phase a l l o y  o f f e r i n g  through heat t re a tm e n t  a wide range 
o f  m ic r o s t ru c tu re s  and p r o p e r t i e s .  i t  is  a l ready  being processed 
using powder m e ta l lu rg y .  Other a l l o y s  have been developed f o r
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c o r ro s io n  re s is tance  and creep re s is ta n c e .  Thus w i t h  mechanical 
p ro p e r t i e s  which compare favou ra b ly  w i t h  t h o s e -o f  .s tee l  and w i t h  a 
d en s i t y  o f  j u s t  over  h a l f  t h a t  o f  s t e e l ,  i t .  (s no t  s u r p r i s i n g  t h a t  
the  a i r c r a f t  in d us t r y  ma in ta in s  a h igh  demand f o r  t i t a n i u m  a l l o y s  
f o r  h i g h l y  st ressed s t r u c t u r a l  p a r t s  and engine p a r t s .
In o rd e r  t o  i l l u s t r a t e  t y p i c a l  mechanical p ro p e r t i e s  o f  commercial 
a l l o y s .  I t  is  usefu l  t o  compare In Table  2 two a l l o y s  as examples: 
IMl 130 which is  a grade o f  commercial p u r i t y  t i t a n i u m ,  and IMl 3 18 
which Is the  two phase t i tan iu m -a Ium in iu m -vanad I  urn a l l o y .
Table 2: P ro pe r t ie s  o f  Two Commercial T i tan ium A l l o y s
A l l o y T e n s ! le S trength  MN/m^
0.1 % S tress  
MN/m2
Elongat ion
%
Youngs Modulus 
GN/m^
IMl 130 460-620 340 20 103-117
IMl 318 960 880 10 103-117
These a l l o y s  are a l ready  produced in  the  form o f  sheet ,  s t r i p ,  
b i l l e t ,  w i r e ,  ex t rus ion s  and welded tube ,  which Is an i n d i c a t i o n  o f  
the  acceptance o f  t i t a n i u m  as a s t r u c t u r a l  m a t e r i a l .  As a r e s u l t  o f
the  h igh cos t  and hand l ing  problems o f  t i t a n i u m  powder the re  has been
some re se rva t ion  over i t s  use as a s t a r t i n g  m a te r ia l  f o r  component 
manufacture bu t  the  h igh technology a i r c r a f t  i n d u s t r y  is  f i n d i n g  i t s  
way round these problems and th e re  is  now widespread i n t e r e s t  in 
the  powder m e ta l lu r g y  o f  t i t a n i u m .
3 T i t an ium  and Powder M e ta l lu rg y
As a I ready,shown, t i t a n iu m  is  a r e l a t i v e l y  expensive s t r u c t u r a l  metal
and i t  is  e v id e n t  t h a t  a f a b r i c a t i o n  rou te  using powders would be o f
g re a t  va lue .  To produce p a r ts  w i t h  good mechanical p r o p e r t i e s ,  high 
d e n s i t y  is  requ ired  and because s i n t e r i n g  a lone does no t  produce
.../
these p r o p e r t i e s ,  t h j s  Is achieved In p r a c t i c e  by the  fo r g i n g  o f  
powder compactsC6), Normal s i n t e r i n g  o f  t i t a n iu m  powder req u i res  
temperatures as h igh  as I350^C and even then the s in te r e d  bodies 
are not  as d u c t i l e  as th e  wrought m a t e r i a l .  Th is Is because o f  the  
f a i l u r e  t o  reach f u l l  d e n s i t y  and because o f  the  s o l u t i o n  o f  the  
ox ide  f i l m  on each p a r t i c l e  in th e  m a t r i x .  Ear ly  work on the  powder 
m e ta l lu rg y  o f  t i t a n i u m  and z i r con ium by HausnerC9) and Dodds CIO) 
ind ica ted  the  s i g n i f i c a n c e  o f  oxygen t o  the  p ro p e r t i e s  o f  a s in te re d  
body and emphasised t h a t  o x i d a t i o n  should be minimised i f  usefu l  
p ro p e r t i e s  were t o  be ob ta ined .  A l though  o x id a t i o n  may be avoided,  
Norton (.1 I ) s ta ted  t h a t  t h e re  w i l l  a lways be a f i l m  o f  t i t a n iu m  d io x id e  
on the powder as i t  has a la rge,  negat i ve  f ree  energy o f  fo rm a t ion .
Th is  ox ide may reac t  w i th  more metal dur ing  s i n t e r i n g  t o  form the  
more v o l a t i l e  monoxide which can then evapora te .  However, t h i s  does 
not  agree w i th  o th e r  workers who re p o r t  an Increase In oxygen 
c o ncen t ra t io n  a f t e r  s i n t e r i n g .
KuczynskI ( i 2) suggested t h a t  oxygen adso rp t io n  should Increase the 
s i n t e r i n g  ra te  due to  an increase in p o i n t  de fec t  co nce n t ra t io n  which 
a c t i v a te s  the process.  Th is  Is in agreement w i th  h is  s i n t e r i n g  theo ry  
but  is  not  supported by exper iment  as s i n t e r i n g  is not  enhanced by the  
presence o f  ox ide f i l m .
FedorchenkoCl3) suggested t h a t  a non - redu c ib le  ox ide  f i l m ,  such as t h a t  
on t i t a n iu m ,  can d is s o l v e  in the  base metal a t  temperatures below the  
s i n t e r i n g  temperature and w i l l  t h e r e f o r e  no t  I n i x i b l t  s i n t e r i n g ,  
A re nsb u rg e rU 41 compared th e  s i n t e r i n g  o f  t i t a n iu m  powder prepared by 
d i f f e r e n t  rou tes  and o f  d i f f e r e n t  oxygen co n ce n t ra t io n  and s in te re d  
f o r  up t o  2 hours t o  achieve near t h e o r e t i c a l  d e n s i t y  in argon a t  
va r ious  tem pera tu res . Powder prepared by the  ca lc ium hydr ide  red uc t ion  
route  was s in te r e d  a t  900°C, f i n e  e l e c t r o l y t i c  powder a t  I I00 - I2 00°C ,
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and coarse e l e c t r o l y t i c  powder a t  I200-I300°C, The low temperature 
In the f i r s t  case was a t t r i b u t e d  t o  a c t i v a t i o n  o f  the  s i n t e r i n g  process 
by res idua l  hydrogen,  a l though the  ac tua l  mechanism was not  proposed.
In the  o th e r  cases,  a two stage process was suggested.  The f i r s t  
s tage ,  having a low a c t i v a t i o n  energy,  was a t t r i b u t e d  t o  s o lu t i o n  
o f  su r face  oxides w h i l e  the  second stage k i n e t i c s  suggested a volume 
d i f f u s i o n  mechanism. There Is  t h e r e f o r e  some doubt  as t o  the  r o le  
o f  ox ide  f i l m s  on the  s i n t e r i n g  behaviour  o f  t i t a n i u m  powder and i t  
is  intended t h a t  t h i s  t h e s i s  w i l l  examine t h e i r  i n f l u e n c e .
An I n t e r e s t i n g  s i n t e r i n g  method is  descr ibed by Boesel e t  al Cl5) and 
Goetzel and De M a rch !Clô) who experimented w i th  the  T1-6A1-4Y a l l o y .  
Known as spark s i n t e r i n g ,  t h e  process invo lves  the  passing o f  
a l t e r n a t i n g  and d i r e c t  c u r re n ts  through the  powder compact. The 
I n i t i a l  c u r r e n t  d ens i ty  is s u f f i c i e n t l y  large t o  cause m e l t in g  a t  
the co n ta c t  p o in ts  between p a r t i c l e s .  Resistance hea t in g  a t  these 
p o in t s  then causes t h e i r  growth by the  convent iona l  processes.
D e n s i t i e s  a t  98% t h e o r e t i c a l  and e lo n g a t io n s  o f  20% were repo r ted ,  
and an improvement in d u c t i l i t y  cou ld  be achieved using sodium 
reduced sponge o r  e l e c t r o l y t i c a 1iy prepared powder r a t h e r  than 
magnesium reduced sponge. No a t tem p t  was made t o  study th e  s i n t e r i n g  
k i n e t i c s  e i t h e r  t h e o r e t i c a l l y  o r  e x p e r im e n ta l l y .
HohmannC17) Inve s t ig a ted  the  s u i t a b i l i t y  o f  t i t a n iu m  h y d r id e ,  t i t a n i u m  
metal and m ix tu res  o f  the  two powders. Under vacuum, and a t  a g iven 
tempera ture ,  t i t a n i u m  hydr ide  s in t e r e d  t o  produce a body o f  g r e a te r  
d ens i ty  than metal powder produced by t t ie  hyd r id e -d ehyd r |de  CHDH) 
ro u te .  Th is  was a t t r i b u t e d  t o  t h e  presence o f  hydrogen which 
a c t i v a te d  the  s i n t e r i n g .  However, t re a tm e n t  o f  the  h y d r ide  has t o  be 
c a r r i e d  ou t  more c a r e f u l l y  t o  avoid  sh r inkage cracks  d u r ing  h y d r id i n g
1 0 . . . /
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although,  heat ing  t o  a s u f f i c i e n t l y  h igh tem pe ra tu re ■Ü lOO^C) should 
e v e n tu a l l y  weld these cracks  to g e th e r .  These powders, s in t e r e d  a t  
IIOO^C under I d e n t i c a l  c o n d i t i o n s ,  showed s l i g h t l y  d i f f e r e n t  
p ro p e r t i e s ;  e lo n g a t io n  is  s l i g h t l y  lower and t e n s i l e  s t r e n g th  g r e a te r  
f o r  the  HDH powder than f o r  metal specimens produced f rom t i t a n i u m  
hydr ide  powder. Th is  i s  a r e s u l t  o f  t h e  lower d e n s i t y  and h ig he r  
oxygen content  f o r  the  HDH m a t e r i a l .  Ana lys is  showed t h a t  about  
tw ice  as much oxygen was adsorbed In the  p roduct ion  o f  t h i s « m a t e r i a l .
A rev iew o f  c u r r e n t  p r a c t i c e  in t i t a n i u m  powder m e ta l l u r g y  has been 
made by FriedmannC6) and again emphasised the  importance o f  keeping 
the powder f ree  from oxygen i f  good mechanical p r o p e r t i e s  are t o  be 
obta ined  but ,  aga in,  no examinat ion  o f  the s i n t e r i n g  mechanisms o r  
the  r o le  o f  oxygen in the  s i n t e r i n g  process was c a r r i e d  o u t .  However, 
i t  can be deduced t h a t  th e  general c o n d i t i o n s  f o r  the s i n t e r i n g  o f  
t i t a n iu m  powder are t o  use vacuum and temperatures o f  gea te r  than 
IIOO°C.
• i t  has been s ta ted  in t h i s  chap ter  t h a t  economic and s t r u c t u r a l  
advantages such as the  re d uc t io n  in processing temperature and 
homogeneity of  s t r u c t u r e  can be achieved using powder m e ta l lu rg y  and 
these advantages are improved w i th  a f i n e  p a r t i c l e  s i z e .  However, 
w i t h  such a re a c t i v e  metal as t i t a n i u m ,  the  presence o f  a f i l m  o f  
ox ide  on the  p a r t i c l e  su r face  w i l l  make a g re a te r  c o n t r i b u t i o n  t o  
the p ro p e r t ie s  o f  the  m a te r ia l ^  I t  is  a lso  e v iden t  above t h a t  
l i t t l e  is  known about  how these ox ide  f i l m s  a f f e c t  the  s i n t e r i n g  
behav iour  o f  t i t a n i u m  powder and i t  is  the  i n t e n t i o n  o f  t h i s  t h e s i s  
t o  determine t h i s  behaviour .
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In o rd e r  t o  examine the  behav iour  o f  these ox ide  f i l m s  dur ing  
s i n t e r i n g ,  both exper imental  method and m a te r ia l  have t o  be c a r e f u l l y  
s e le c te d .  As w i l l  be seen in Chapter 2, the  r e s i s t i v i t y  o f  t i t a n iu m  
is  very  s e n s i t i v e  t o  oxygen c o n te n t  and, in Chapter  5,  a model Is 
developed showing the  v a r i a t i o n  o f  re s is ta n c e  w i t h  change in geometry 
o f  the  c o n ta c t  between s phe r ica l  powder p a r t i c l e s .  The changes In 
co n ta c t  geometry i n d i c a te  the  s i n t e r i n g  mechanism as d iscussed in 
Chapter  5, so I t  i s  necessary t o  have a sphe r ica l  p a r t i c l e  shape.
Thus the m a te r ia l  used in t h i s  case was produced a t  AERE by the  
c e n t r i f u g a l  shot  c a s t i n g  (CSC) process.
A p a r a l l e l  s tudy ,  t o  s im u la te  a p r a c t i c a l  s i n t e r i n g  a p p l i c a t i o n ,  used 
a f i n e  powder produced by t h e  h y d r id e - d e h y d r ide process.  F i r s t ,  
s u i t a b l e  c o n d i t i o n s  had t o  be e s ta b l i s h e d  to  p rov ide  a f i n e ,  metal 
powder having a high sur face area t o  volume r a t i o .  Th is  could then 
be o x id is e d  t o  a m a te r ia l  having a r e l a t i v e l y  t h i c k  ox id e  f i l m  and 
high oxygen con te n t .  This was then used t o  examine the  e f f e c t  o f  
ox ide  f i l m  th i c k n e s s  on both compact ion and s i n t e r i n g .  The res is ta nce  
measurements were complemented by d i l a t o m e t r y ,  bu t  the  r e s u l t s  
ob ta ined  did not  p e rm i t  an invo lved  q u a n t i t a t i v e  a n a l y s i s .  For t h i s  
reason i n t e r p r e t a t i o n  of  the  r o l e  o f  ox ide  f i lm s  on s i n t e r i n g  was 
based on measurements o f  re s is ta n c e  changes and neck growth o f  the  
s p he r ica l  powder.
2. PROPERTIES OF TITANIUM
Before d iscuss ing  the  t h e o r e t i c a l  and p r a c t i c a l  aspects o f  the  powder 
m e ta l lu r g y  o f  t i t a n i u m ,  i t  is  usefu l  t o  cons ide r  b r i e f l y  some o f  the  
phys ica l  and chemical p r o p e r t i e s  which are re le v a n t  t o  the  work descr ibed 
in t h i s  t h e s i s .
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2.1 Atomic and C rys ta l  S t ru c tu re
T i tan ium  has atomic number 22 and is  in Group IV A o f  the  p e r io d i c  
t a b le  w i th  z i r con iu m ,  hafnium and tho r ium ,  i t s  atomic we ight  is  
47.90.
^®TI is  the most abundant  iso tope and has an e l e c t r o n i c  c o n f i g u r a t i o n
o f  I s ^ ,  2s^,  2pG, 3s^,  3pG,,4s2.  The Ions T i * .  T i ^ * ,  T i ^ * ,  and 
-r} 4 +TI may occur .
Two a l l o t r o p e s  o f  t i t a n iu m  e x i s t ;  the  low temperature form, 
a - t i t a n l u m ,  has a hexagonal c lo se  packed s t r u c t u r e  w i t h  a c/a  r a t i o  
j u s t  less than the  ideal value  o f  1.633, and the h igh temperature 
form, g - t i t a n iu m ,  having a body cen t red  cub ic  s t r u c t u r e .  The 
t r a n s fo rm a t io n  temperature is  norma l ly  g iven as 882°C.
Several values o f  the  l a t t i c e  parameters o f  a ~ t I ta n ium  are repor ted  
and the  most probable values a t  room tempera ture ,  25^0, are those 
g iven by Cla rke  Cl 8) f o r  iod ide  re f in e d  t i t a n i u m  o f  f i n e  g ra in  s i z e .  
Using an X-ray d i f f r a c t o m e t e r  the  va lues repor ted  a re :  
a = 0.29503 nm, c = 0.46831 nm, and hence the  r a t i o  c /a  = 1.587 
The s c a t t e r i n g  o f  values found by o th e r  authors  is  a t t r i b u t e d  t o  the 
presence o f  im p u r i t y  e lements.  Cla rkeC!8)  and F in la y  & Snyder( l9 )  
have in v e s t i g a te d  the  e f f e c t  o f  common im p u r i t y  elements in s o lu t i o n  
on the  I a t t i c  parameter and t h e i r  r e s u l t s  are presented in the  
f o l l o w i n g  t a b le .
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TABLE 3: The E f f e c t  o f  Small Q u a n t i t i e s  o f  Im pur i t y  Elements
on the  L a t t i c e  Parameter o f  a - t l t a n iu m
A d d i t io n  
E1ement
Parameter Change per U n i t  Weight Per Cent o f  
A d d i t i o n a l  Element Cpm)
a c c /a
Oxygen 0 .0 1.5 0.005
Nit rogen 0 .2 2 .3 0.007
Carbon 1 ,3 4.9 0.009
The temperature a t  which l a t t i c e  parameter measurements are made w i l l  
c o n t r i b u t e  t o  some v a r i a t i o n  as the  mean c o e f f i c i e n t  o f  l i n e a r  
expansion o f  a - t I t a n i u m  a t  room tempera ture  Is  8 x 10 so a
temperature v a r i a t i o n  o f  2°C w i l l  change the  l a s t  f i g u r e  o f  the  
va lue by one. From Table 3 i t  may be seen t h a t  the  presence of  
i n t e r s t i t i a l  im p u r i t i e s  increases the  c /a  r a t i o  suggest ing  t h a t  
the  lowest va lue o f  1.587 is  the  most accura te  as t h i s  i s  the  most 
pure mater ia  1.
The l a t t i c e  parameter  o f  3 - t i t a n i u m  a t  900^0 is  repor ted  by Burge rs (20) 
us ing X-ray d i f f r a c t i o n  by a f i n e  w i r e .  The va lue  obta ined  is  0.332 nm, 
bu t  the  same m a te r ia l  in th e  a - fo rm  was found t o  have the  parameters - 
a = 0.2953 nm, and c = 0.4730 nm, which suggests t h a t  t h i s  sample 
was contaminated.  Some workers use the  quenched and re ta ine d  3-phase 
o f  a l l o y s  t o  es t im a te  the l a t t i c e  parameter a t  room tempera ture  
by e x t r a p o la t i n g  va lues  t o  zero a l l o y  con ten t  using the  l i n e a r  
expansion c o e f f i c i e n t  a t  900^0 and ig n o r ing  the  a ^  3 t r a n s fo r m a t io n .
In t h i s  way, L e v in g e r (2 l )  ob ta ined  0.3283 and A de ns tad t (22) the  va lue 
o f  0.329 nm. S i m i l a r  work by K e l l e r  e t  a l (23) us ing t l t a n l u m -  
tan ta lum a l l o y s  y ie ld e d  0.329 nm. The most recen t  de te rm ina t ion  
c a r r i e d  o u t  by Eppelsheimer & PenmanC241 gave a va lue  o f  0.331 nm 
a t  900^0 which agrees we l l  w i t h  t h a t  repor ted  by Burgers & Jacobs(20).
1 4 . . . /
-  1 4 -
However, t h i s  sample was suspected t o  be contaminated w i t h  carbon 
f rom I t s  p re p a ra t io n  by the  magnesium reduc t ion  ro u te .  A i l  these 
exper iments were c a r r i e d  o u t  on bu lk  m a te r ia l  bu t  f o r  f i n e l y  
d i v id e d  m a te r ia l  such as f o r  powder d i f f r a c t i o n ,  su r face  contamina t ion  
becomes more o f  a problem as X-rays  o n l y  pene t ra te  the  su r face  
layers  o f  m a te r ia l  so r e s u l t s  must be c a r e f u l l y  I n t e rp re te d  i f  they  
are then t o  be used f o r  c a l c u l a t i o n  o f  the d e n s i t y  o f  pure t i t a n i u m .
2.2 Dens i ty
Using the  l a t t i c e  parameters o f  Iod ide  re f in e d  t i t a n i u m  from the 
X-ray data o f  C l a r k e d 8) ,  the d e n s i t y  o f  the  a - fo rm  is  c a lc u la te d  
as 4.505 g/cm . The r e s u l t s  o f  Burgers & Jacobs(20) f o r  3 - t i t a n iu m  
a t  900°C g ive  a d e n s i t y  o f  4.320 g/cm^.
Again,  t h e re  may be many h ig he r  va lues  t o  be found In the  l i t e r a t u r e  
but  f rom the  d iscuss ion  on l a t t i c e  parameters,  I t  may be observed 
t h a t  oxygen w i l l  increase the  d e n s i t y  as i t  forms an i n t e r s t i t i a l  
s o l i d  s o lu t i o n  w i t h o u t  a pp re c ia b le  l a t t i c e  d i s t o r t i o n .  Contaminat ion 
by i n t e r s t i t i a l  elements can t h e r e fo r e  e x p la in  the  h ig he r  de n s i t y  
va 1ues.
For commercial m a te r ia l  the  quoted d e n s i t y  o f  IMl 130 Is 4.51 g/cm^ 
and t h a t  o f  I Mi 318 (T1-6AI-4V) is  4.42 g/cm^C25) both a t  room 
tempera ture .  Other than th e  common i n t e r s t i t i a l s ,  oxygen,  carbon 
and n i t r o g e n ,  t h e  c h i e f  i m p u r i t i e s  found In commercial grades are 
i r o n ,  p resent  in many t i t a n i u m  o res ,  and magnesium o r  sodium from 
the  red uc t ion  process.
2 .3  Phase T rans fo rm at ions  and A l l o y i n g
An approximate va lue  o f  882°C f o r  the  a ^ 3  t r a n s fo r m a t io n  temperature 
is  g iven by De Boer, Burgers & Fast  C26.) f rom an i n v e s t i g a t i o n  o f  the
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r e s i s t i v i t y  of  a t i t a n i u m  w i r e .  Other physical  p r o p e r t i e s  a lso  
show the a l l o t r o p i e  change. The g e n e r a l l y  accepted va lue  o f  882.5^0 
is  from the thermodynamic c a l c u l a t i o n s  by McQui1 IanC27) on the  
t i t an ium -hyd ro ge n  system.
The phase t ra n s fo rm a t io n  is  a lso  ex tremely s e n s i t i v e  t o  im p u r i t y  
con te n t .  The most common im p u r i t y  e lements,  oxygen and n i t r o g e n ,  
increase the  s t a b i l i t y  o f  the  a-phase r a i s i n g  the  t r a n s fo rm a t io n  
tempera ture .  According t o  t h e  t i tan iu m -oxyg en  e q u i l i b r i u m  phase 
diagram pub l ished by Hansen(28), oxygen Is so lu b le  up t o  30 atomic 
per cent  In a - t i t a n l u m .  The maximum s o l u b i l i t y  in 3 - t i t a n iu m  Is 
about  6 at. per cen t  a t  1740^0. However, f o r  a l l o y  fo rm a t io n ,  oxygen 
and n i t ro gen  are not  as e f f e c t i v e  f o r  ho t  s t reng then ing  as the  more 
w ide ly  used a - s t a b i l i z e r ,  a luminium. Most high tempera ture  t i t a n iu m  
a l l o y s  con ta in  a luminium bu t  q u a n t i t i e s  g re a te r  than about  8 wt. per 
cen t  tend to  o rd e r  forming the  compound Ti^A l  which r e s u l t s  in 
em b r i t t lem en t  o f  the  a l l o y .  An example o f  a m a te r ia l  used in the  
a - fo rm ,  IMi 130, has a l ready  been g iven .
3-phase a l l o y s  are not  used as such a t  high tempera tures  because o f  
t h e i r  poor o x id a t i o n  re s is ta n c e  and phase i n s t a b i l i t y .  3 - s t a b i l i z e r s  
inc lude ;  z i r con ium,  hafnium and vanadium, which form both a -  and 3- 
s o l i d  s o lu t i o n s ,  and n iobium, tan ta lum ,  molybdenum and chromium. The 
l a t t e r  element a ls o  forms an in te rm e ta l  l i e  compound CTiCr2 ) in the  
3 -m a t r i x  which ac ts  as a gra i 'n growth i n h i b i t o r  dur ing  s o lu t i o n  
t rea tm en t .  Expense may l i m i t  the  commercial use o f  b in a ry  a l l o y s  
because o f  t h e  la rge q u a n t i t i e s  o f  expensive 3 - s t a b i l l z e r  requ i red .  
The most w id e ly  used a + 3 a l l o y  is  T I -6A I -4V .
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More complex a l l o y s  such as T l -6A I -6V-2Sn ,  T I -13V -1 lC r -3 A l  and 
T i - l l . 5 M o - 6 Z r - 4 .5 S n  (Beta 111) can be used g i v in g  high creep 
re s is ta n c e  up t o  300°C making them s u i t a b le  f o r  fa s te n e rs  and r i v e t s  
f o r  superson ic  a i r c r a f t .  Heat t re a tm en t  can g ive  a f i n e  a-phase 
d is p e rs ion  t o  g ive  h igh s t r e n g t h .  Other fea tu re s  are  good co ld  
f o r m a b i l i t y ,  h igh f r a c t u r e  toughness and co r ro s io n  r e s i s ta n c e .
In some a l l o y s  such as the  s t a b i l i s e d  3 - a l l o y s  descr ibed above, the  
3-phase may decompose on aging t o  form a metastab le  omega phase which 
may cause harmful  e m b r i t t l e m en t .  Th is  w-phase was f i r s t  no t iced  by 
F ros t (2 9 )  on an X-ray examinat ion  o f  quenched and aged 3 - a l l o y s .  
According t o  W i11 lams(30 ) ,  the  c r y s ta l l o g r a p h y  o f  the  omega phase 
is  u n c e r ta in  bu t  may be compared t o  t h a t  found in z i rcon ium  a l l o y s  
which Is descr ibed by Douglas(31) as having a hexagonal c lose  
packed s t r u c t u r e .  Ageev & Model(30) s t a t e  t h a t  the  l a t t i c e  parameters 
o f  the  omega phase in t i t a n i u m  vary  w i t h  composi t ion bu t  have a f i x e d  
c /a  r a t i o  o f  0 .625.  Th is  phase Is  sub-mlcroscopIc  and r i c h e r  in 
t i t a n iu m  than th e  o r i g i n a l  3-phase.  I t  appears on aging  j u s t  before  
the  appearance o f  th e  e q u i l i b r i u m  a-phase and is  though t  t o  be 
respons ib le  f o r  the  high hardness o f  c e r t a i n  aged a l l o y s .  Sargent  
e t  a 1(32) suggest  t h a t  w i t h  c a re fu l  choice o f  a l l o y i n g  elements and 
heat  t re a tm e n t  the  harmful  e f f e c t s  o f  omega phase fo rm a t ion  can be 
avoided.
2.4 M e l t in g  P o in t
The m e l t in g  p o i n t  o f  pure,  iod ide  re f i n e d  t i t a n i u m  is  1568°C, 
v a r i a t i o n s  from t h i s  value aga in being a t t r i b u t e d  t o  I m p u r i t i e s ,  the  
most common o f  which carbon, oxygen and n i t rogen  r a i s e  th e  I I  qui dus. 
The temperature quoted above is  the  mean o f  those determined by 
O r ian i  & Jones (33) and S c ho f ie ld  (34) and Is w id e ly  accepted as
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both exper iments used I n d i r e c t  hea t ing  methods t o  minimise 
con tamina t ion  and to  approach ideal  b la c k  body c o n d i t i o n s .  Hansen’ s 
phase diagram(28) shows a m e l t in g  p o i n t  o f  |720^C f o r  pure t i t a n iu m  
which is  ra ised  by 20°C by 2 wt.% oxygen and invo lves  a p e r i t e c t l c  
r e a c t i o n .  Th is  high va lue  f o r  the  m e l t in g  p o i n t  suggests t h a t  some 
contamina t ion  has occur red .  For compar ison,  the  m e l t in g  p o i n t  o f  
commercial p u r i t y  t i t a n iu m ,  INI 130, is  g iven as 1690°C (25) .
2.5 Thermal Expansion
As the  l a t t i c e  o f  a - t I t a n iu m  Is no t  an ideal c lose  packed s t r u c t u r e ,  
a n o n - l i n e a r  v a r i a t i o n  o f  expansion c o e f f i c i e n t  w i th  temperature is  
expected.  A t a b le  o f  va lues is  g iven  below.
Table 4; Thermal Expansion C o e f f i c i e n t  o f  T i tan ium
Reference
Temperature
15 100 200 400 600 800 1000 1 100 1200
Expan'Mon C o e f f i c i e n t  x 10^/°C
Smi the Ms (35) 8.35 8.80 9.10. 9.40 9.70 9,90 - -
McQulI Ian (37) - 9.60 10.40 10.80 1 1 .00 - - -
W i l l  lams (39) - 7.40 9.20 10.40 1 1 .00 1 1 .30 1 1 .30 1 1 .70 12.40
Once more the re  is  g rea t  v a r i a t i o n  o f  values quoted. S m I the l i s  (35) 
quotes the  work o f  G re ine r  & E l l i s  (36) but  the  McQui l lans (37) combine 
t h i s  work and t h a t  o f  Fast  (38) t o  produce t h e i r  va lues .  The m a te r ia l  
used by Fast  is less pure and g ives  h ig h e r  values o f  the  expansion 
c o e f f i c i e n t .  Gre iner  & F i l l s  made measurements in hel ium using a 
p o l y c r y s t a l l i n e  rod o f  s in t e r e d  sponge which had been annealed and 
co ld  swaged. These r e s u l t s  are compared In t a b le  4 w i t h  those o f  
W i l l iam s  (39) whose measurements are f rom a rod o f  commercial grade
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t i t a n i u m  heated in vacuum. These va lues are s l i g h t l y  h ig he r  than 
those o f  McQui l lan showing the  e f f e c t  o f  I m p u r i t i e s ,  The grade o f  
m a te r ia l  used by W i l l iam s  is  an American grade (A-55) which Is 
s i m i l a r  t o  IMl 130. W i l l ia m s  a ls o  g ives  values f o r  the  g-phase and 
notes the  d i s c o n t i n u i t y  a t  882°C i n d i c a t i n g  the  phase t r a n s fo r m a t io n .
2.6 E l e c t r i c a l  R e s i s t i v i t y
The values o f  e l e c t r i c a l  r e s i s t i v i t y  show a s c a t t e r i n g  o f  values 
a t t r i b u t e d  to  the  im p u r i t y  c o n te n t  o f  the  m a te r i a l s  used by va r io us  
workers.  The values obta ined  by Was 11ew sk i (40) a t  room tempera ture  
f o r  a s i n g le  c r y s t a l  are 48.00 pit-cm p a r a l l e l  t o  t h e  a - a x l s  and 
45.35 yO-cm p a r a l l e l  t o  the c - a x l s .  The lowest  va lues f o r  p o l y ­
c r y s t a l  l i n e  Iodide rod are 42.00 yJ2-cm measured by White & Wood(41) 
and Fast (38)  and 42.1 yO-cm measured by McQuI1l a n ( 4 2 ) .
The tempera ture  v a r i a t i o n  o f  r e s i s t i v i t y  is  shown in f i g u r e  1. I t  
can be seen t h a t  up t o  about  400^0, r e s i s t i v i t y  increases l i n e a r l y  
w i t h  tempera ture,  as Is expected o f  most meta ls ,  b u t  then begins to  
Increase more s lo w ly  w i t h  temperature r i s e .  Wyat t (43)  shows t h a t  the  
decrease in s lope f o r  impure meta I is  g re a te r  than t h a t  f o r  io d ide  
t i t a n iu m  and presumes t h i s  t o  be due t o  the  adso rp t ion  o f  oxygen.
The t ra n s fo rm a t io n  Is c l e a r l y  shown by a drop in r e s i s t i v i t y  a t
882°C and the  s lope o f  the  curve  f o r  3 - t l t a n iu m  is  small  bu t  p o s i t i v e .  
G re iner  & E l l i s ( 3 6 )  r e p o r t  the  s lope t o  be negat i ve  j u s t  above the  
t r a n s fo rm a t io n  tempera ture  but  McQui l lan and Wyatt suggest  t h i s  t o  be 
due t o  im p u r i t i e s  which spread the  t ra n s fo rm a t io n  o ve r  a wide range 
o f  temperatures masking th e  real  t ra n s fo rm a t io n  tem pera ture .
J a f fe e  & Campbel l (44) have examined the  e f f e c t  o f  oxygen,  n i t ro g e n  and 
hydrogen on the  p r o p e r t i e s  o f  io d ide  re f in e d  t i t a n i u m  and observe a 
l i n e a r  increase o f  room temperature r e s i s t i v i t y  w i t h  oxygen up t o
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I a tomic percen t  Csèe f i g u r e  2. ) .  Metal having a nominal zero 
oxygen con ten t  used as s t a r t i n g  m a te r ia l  had a r e s i s t i v i t y  o f  
47.7 yJ2-cm Increas ing  t o  55.6 yfi-cm a t  I atomic percen t  
(0.34 we igh t  percen t )  oxygen,
Ames & McQuII lan(45) and C la ls s e ,  Corner & Fr lgoutC46) have both 
examined the  v a r i a t i o n s  o f  r e s i s t i v i t y  w i t h  temperature and a l l o y  
co n ten t  and have der ived  expressions t o  desc r ibe  th e  behav iour  o f  
such a l l o y s .  C la lsse  e t  a I I n t e r p r e t  t h e i r  observa t ions  In terms 
o f  the  e Iec t ro n -a tom  r a t i o s .  Such a d e ta i l e d  account w i l l  no t  be 
g iven here;  ev idence o f  the  v a r i a t i o n  o f  r e s i s t i v i t y  w i t h  tempera ture  
and oxygen con te n t  Is a l l  t h a t  Is necessary f o r  the  work descr ibed 
In l a t e r  s e c t i o n s .
2.7 D i f f u s i o n  In T i tan ium
For the  study o f  o x i d a t i o n  and s i n t e r i n g  processes.  I t  Is usefu l  t o  
have a t  hand data f o r  d i f f u s i o n  In t i t a n i u m .  D i f f u s i o n  c o e f f i c i e n t s  
a t  a g iven temperature T K may be c a l c u la te d  using the equa t ion :
Dy “  D exp (— )
' °  RT
where D^ Is the  f requency f a c t o r ,  Q the a c t i v a t i o n  energy f o r  the  
ap p ro p r ia te  d i f f u s i o n  process,  R the  gas cons tan t . -  
Th is  equat ion  is  s u f f i c i e n t  f o r  c o ns ide r in g  low s o lu te  co nce n t ra t io n s  
as shown In the d e r i v a t i o n s  o f  LazarusC47) using c a l c u l a t i o n s  o f  the  
energy o f  e le c t r o n s  In the.  l a t t i c e  and by SwallnC48) us ing the  s t r a i n  
imposed on the  l a t t i c e  by movement o f  the  d i f f u s i n g  atom.
Useful  data are g iven  In t a b l e  5.
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The data f o r  oxygen d i f f u s i o n  can be used In the  f o l l o w in g  
mathemat ical t rea tm en t  which deals w i th  the  s o lu t i o n  o f  t h i n  ox ide 
f i l m s  a t  s p he r ica l  su r faces .
The k i n e t i c s  o f  d i f f u s i o n  are u s u a l l y  g iven by P i c k ' s  second law which 
Is g e n e r a l l y  s ta te d ;
dc
d t
d jP dc 
dx dx
(2 . 1 )
where c Is co n c e n t ra t io n ,  t  Is t im e ,  and x Is p e n e t r a t io n  depth.  
However, f o r  low s o lu te  c o n c e n t ra t io n s  t h i s  Is u s u a l l y  res ta ted  as:
dc
d t
D
dx'
(2 . 2 )
Shewmon(54) de r ives  an equa t ion  f o r  th e  t h i n  f i l m  s i t u a t i o n  where 
the  co n c e n t ra t io n  o f  s o lu te  c Is g iven by;
. 2
exp C ')
2-J irDt 4Dt
where oc Is the  q u a n t i t y  o f  s o lu te  present .
Th is  Is a s o lu t i o n  o f  P i c k ' s  second law s ince  in the  boundary 
c o n d i t i o n s :
I X I > 0  f o r  C -V 0 as t  0
X = 0 f o r  C -> «> as t  «5
and the  t o t a l  q u a n t i t y  o f  s o lu te  Is f i x e d  s ince :
(2 .3 )
J c ( x , t ) d x  = a (2 .4 )
Crank(55) g ives  a comprehensive mathematical t rea tm en t  o f  d i f f u s i o n  
and cons ide rs  the  case o f  d i f f u s i o n  In a sphere which Is o f  p a r t i c u l a r  
I n t e r e s t  here i f  we l i ke n  powder p a r t i c l e s  t o  spheres.  He commences 
by express ing P i c k ’ s second law In a th re e  dimensional  form;
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= ( d fc  + ^  ^  ) D . .  . .  (2 .5 )
d t  ' dx dy dz
In terms o f  p o la r  c o -o rd in a te s ,  r ,  6, c|), then x = r  s in0 cos^,  
y = r  s i n t  s inô  and z = r  co s t  and the  above equat ion  may be 
r e w r i t t e n  co ns ide r in g  an e lement o f  a sphere o f  s id e s ,  d r ,  rd0 
and r  s in  d t .
dc 2I d /Dr dc . ^ I d ,D SInO dc . 
d t  r  d r  d r  s ln0 d0 do
' ( 2 . 6 )
Sln^0 d t ^
I f  on ly  r a d ia l  d i f f u s i o n  Is cons idered,  the l a s t  two terms become 
zero and the  equat ion  Is :
.  0 (d fc  + 2 (jç ) _  . .  ( 2 . 7 )
d t  d r  r  d r
S u b s t i t u t i n g  u = c r ,  t h i s  becomes:
—  = ^ ^  . .  . .  (2 .8 )
d t  d r
which Is the  equa t ion  f o r  l i n e a r  f low  In one d i r e c t i o n .  Hence, 
the  ra d ia l  f l o w  In a sphere may be t re a te d  f rom a l i n e a r  problem 
and Shewmmon’ s equa t ion ,  equat ion  2 .3 ,  f o r  t h i n  f i l m  s o l u t i o n  may 
be a pp i Ied .
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2.8  Ox id a t io n
One o f  the  c h i e f  problems In the processing o f  t i t a n i u m  Is I t s  g re a t  
r e a c t i v i t y  w i t h  the  gaseous e lements,  oxygen, n i t ro g e n  and hydrogen.  
These elements r e a d i l y  pene t ra te  the  metal l a t t i c e  fo rm ing  s o l i d  
s o lu t i o n s  and e m b r l t t i I n g  components. Ox ida t ion  Is t h e  re a c t i o n  
w i t h  which we are  ma in ly  concerned In the  s i n t e r i n g  process as, f o r  
a f i n e  powder, the re  Is a la rge su r face  on which r e a c t i o n  may take 
p lace g i v i n g  unacceptably h igh oxygen co nce n t ra t io n s .
From Hansen’ s e q u i l i b r i u m  dlagramC28) one would expect  a s e r ie s  o f  
compounds t o  be formed ( f i g u r e  3 ) .  Recent I n v e s t i g a t i o n s  by FrenchC56) 
and Japanese(57) au thors  suggest the  presence o f  the compounds 
TIgO and TI^O, and t h i s  has been conf i rmed by K o r n i l o v  & 6 la sova (58 ) ,  
b u t  are not  Inc luded In t h i s  diagram. In p r a c t i c e ,  t h e . o n l y  ox ide  
o f  t i t a n iu m  t o  be formed as a f i l m  on the  bu lk  metal below IOOO*^C 
Is r u t i l e ,  TIO2 . Above t h i s  tempera ture  and In the  presence o f  a i r  
and water  vapour Klnna(59) r e p o r ts  the  fo rmat ion  o f  TIO and TI^O^.
Many authors  g ive  In fo rm a t io n  about  the  k i n e t i c s  o f  o x i d a t i o n .  
Ferguson(60) reporhed t h a t  both oxygen anion and t i t a n i u m  c a t i o n  
d i f f u s i o n  occur du r ing  o x id a t i o n  and t h a t  oxygen d i f f u s i o n  predominates 
a t  low tem pe ra tu re s . A f u r t h e r  co m p l ica t io n  Is t h a t  t i t a n i u m  Ion 
d i f f u s i o n  predominates a t  the  Inner layers o f  the  f i l m  and oxygen 
a t  the o u te r  s u r fa c e .  Th is  Imp l ies growth o f  the  r u t i l e  f i l m  a t  
the metal -metal  ox id e  I n t e r f a c e .
Alexander & P ldgeon(6 l )  have examined the  k i n e t i c s  o f  o x i d a t i o n  and 
showed t h a t  a l o g a r i th m ic  law Is  fo l lowed  a t  tempera tures below 350^C. 
Th is  was confl ' rmed by Cabrera & Mot t (62)  who a ls o  found a p a r a b o l i c  law 
t o  be a p p l i c a b le  a t  h igh tempera tures .  Gulbransen & Andrew(64) a lso
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observed p a ra b o l i c  o x i d a t i o n  k i n e t i c s  above 350°C w h i l e  Richardson 
& GrantCbO), Davies & BIrchenaI  I (65 ) ,  and JenkInsC66) s ta ted  t h a t  
t h e  p a r a b o l i c  law is  fo l lo w e d  above 700^0. The l a s t  a u th o r  showed 
t h a t ,  f o r  long t im es ,  oxygen a d s o rp t io n  becomes a l i n e a r  f u n c t i o n  
o f  t im e .  ,
Hur len(67) examined th e  o x id a t i o n  o f  shee t  t i t a n i u m  in the  temperature 
range 300-700*^0 a t  va r io us  oxygen pressures and suggests a t r a n s i t i o n  
o f  o x id a t i o n  behav iour  f rom lo g a r i t h m i c  t o  p a r a b o l i c  a t  550°C.
Mlndel & Po l !ack (68 )  have s tu d ie d  the  room tempera ture  o x id a t i o n  o f  
t h j n  t i t a n i u m  f i l m s .  Dur ing the  e a r l y  s tages,  o x i d a t i o n  Is l im i t e d  
by sur face  d i f f u s i o n  o f  oxygen. The l a t e r  s tages are exp la ined  by 
m ig ra t io n  o f  metal vacancies generated a t  the  metal -meta l  ox ide  
i n t e r f a c e .  Unless the re  are la rge vacancy s inks  in the  m eta l ,  as 
th e re  would be in bu lk  m e ta l ,  a s u p e r - s a tu r a t i o n  o f  vacancies b u i l d s  
up and oppose f u r t h e r  o x i d a t i o n  by reduc ing  the  metal a c t i v i t y .  Th is  
suggests t h a t  f o r  t h i n  samples, and t h i s  may Inc lude  powder p a r t i c l e s ,  
the  ox ide  f i l m  th ickness  would tend  t o  some maximum va lue .
Th is  l i m i t i n g  f i l m  th ickness  concept  Is  conf i rmed by the  e a r l i e r  work 
o f  Andreeva(63) who examined th e  room temperature o x i d a t i o n  o f  t h i n  
f i l m s  o f  t i t a n i u m .  On exposure t o  a i r ,  an oxide  f i l m  o f  I . 2 -1 .5  nm 
th i ckne ss  Is formed. Th is  grows t o  5 .0  nm fo l l o w in g  a l o g a r i th m ic  
law bu t  then d i f f u s i o n  across the  ox ide  f i l m  Is reduced so f u r t h e r  
growth is  very s low. Some va lues  o f  l i m i t i n g  ox ide  f i l m  th ickne ss  
are  g iven in t a b l e  6.
In the  case o f  t i t a n iu m ,  the  5 .0  nm t h i c k  f i l m  is  resp on s ib le  f o r  
r e s is ta nce  t o  c o r ro s io n .  T h i c k e r  f i l m s  are found in c e r t a i n  c o n d i t i o n s
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Table 6: L im i t in g  o x i d e - f i i m  th i ckne ss  on several  metals
___________o x id is e d  a t  room tempera ture_____________________
Meta 1 L im i t i n g  Fi lm Thickness (nm)
Reference
No
1 ron 2.5 51
Chromi um 2.5 -  3.5 63
T i tan ium 5.0 63
Lead 3. 1 51
Aluminium 2 .0 51
Copper 1 .0 51
Up to  20 nm, t h i s  f i l m  is  i n v i s i b l e  but  Flower & SwannC69) have used 
in t e r fe re n c e  co lou rs  t o  measure f i l m  th i c k n e s s .  The f i r s t  co loured f i l m  
Is y e l lo w  a t  about  40 nm becoming darker  u n t i l  i t  is  b lue a t  a th i c kne ss  
o f  about  55 nm. Co lour  can t h e r e f o r e  be used as a guide to  f i l m  th i ckness  
From the  above In fo rm a t ion  I t  can be expected t h a t  powder o x id a t i o n  w i l l  
be s i m i l a r  t o  t h a t  o f  t h i n  f i l m s  and a l i m i t i n g  f i l m  th ickne ss  w i l l  be 
observed.  The on ly  d i f f e r e n c e  in  behav iour  Is  t h a t ,  f o r  a f i n e  powder, 
the re  is  no means o f  d i s s i p a t i o n  o f  the  heat  evolved dur ing  o x id a t i o n .
Th is may r e s u l t  In an increase in  tempera ture  which in t u rn  increases the  
o x id a t i o n  ra te  and may r e s u l t  In f i r e .  Th is  py rophor lc  na tu re  o f  f i n e  
powder may on ly  be overcome by hand l ing  In spec ia l  atmospheres.
Weight  ga in  is used as a parameter - for s tudy ing  o x id a t i o n  and t h i s  may be 
r e la te d  t o  p a r t i c l e  s i z e  in the  c on ten t  o f  a l i m i t i n g  f i l m  t h i c k n e s s ,  i f  
i t  is  assumed as by R u s s e l l ( 3 ) ,  t h a t  the  ox id e  laye r  is  o f  un i fo rm 
t h i ckne ss  o f  x nm, i t  can be shown t h a t :
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X -  W CMaOb) X 10^^ 
p.bO
where MaOb and bO are the  formula we ights  o f  ox ide  and oxygen,
P is  the  ox ide  d en s i t y  in g/cm^,  and W Is the  we igh t  gain In
mg/cm . A lso :
X = w (MaOb)
p.bO.S
where w is  the  oxygen con ten t  in w e igh t  present  o f  metal o r  compound 
a f t e r  o x id a t i o n  t o  g iv e  t h i ckne ss  x,  and S is  the  su r face  area o f  
the  metaI in m / g .
A nomograph ( f i g u r e  4) may then be cons t ruc ted  t o  r e l a t e  ox ide  f i l m
th ickne ss  t o  oxygen co n ten t  o f  the  m a te r ia l  and i t s  su r face  a rea.  The
in fo rm a t io n  may a ls o  be used t o  determine an e q u iv a le n t  d iameter  d,
assuming a sphe r ica l  p a r t i c l e  where:
d = b___
p . S
Thus, an o x id a t i o n  study may be used as a method o f  p a r t i c l e  s ize  
measurement.
2.9 Summary o f  P ro p e r t ie s
in the  c o n te x t  o f  powder m e ta l l u r g y ,  Ogenev e t  a l (70) repor ted  the  
o x i d a t i o n  behav iour  o f  t i t a n i u m  powder compacts and found t h a t  the  
ra te  o f  o x id a t i o n  decreased between 800 and 900*^0 when most d e n s i f ­
i c a t i o n  takes p lace.  Th is  was a t t r i b u t e d  t o  a re d uc t io n  in su r face
area due t o  s i n t e r i n g .  Above lOOO^C, d e n s i f i c a t i o n  was s l i g h t  and 
o x id a t i o n  cont inued f o l l o w in g  a p a r a b o l i c  law, j u s t  as f o r  bu lk  
t i t a n ! u m .
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FederchenkoCl3) and ArensburgerCK)  suggested t h a t  the  ox ide  f i l m  
on t i t a n iu m  powder d isso lved  very  r a p i d l y  between 500 and 550^0, 
and did not  i n h i b i t  s i n t e r i n g  which beg ins  a t  a h ig he r  tempera ture .  
Shewmon’ s equat ions c o n f i rm  t h i s  ra p id  s o l u t i o n ,  in an example 
worked by SmithC7!) an ox ide  f i l m  o f  8 .0  nm th ickn e ss  on bu lk  
t i t a n iu m  d isso lves  a t  a tempera ture  o f  39I°C and an oxygen pressure 
o f  0 .2  mPa in 3 m i l l i s e c o n d s ,  i f  d i f f u s i o n  in a f i n e  powder is  more 
d i f f i c u l t  t h i s  t im e  may be c o ns ide ra b ly  longer but  th e re  is  no 
i n d i c a t i o n  o f  how t h i s  s o l u t i o n  o f  oxygen w i l l  a f f e c t  the  s i n t e r i n g  
process.  The work descr ibed in t h i s  r e p o r t  w i l l  c l a r i f y  t h i s  p o i n t .  
The above d is cuss ion  o f  p r o p e r t i e s  o f  t i t a n iu m  may be used as a guide 
t o  the expected s i n t e r i n g  behav iour  and w i l l  a l s o  a id  in an 
i n t e r p r e t a t i o n  o f  the r e s u l t s  ob ta in ed .
3. POWDER MANUFACTURE
3.1 P u r i f i c a t i o n  o f  T i tan ium
Metal powders may be produced in a v a r i e t y  o f  ways o f  which some w i l l  
be descr ibed below w i t h  spec ia l  re fe rence  t o  t h e i r  a p p l i c a b i l i t y  t o  
the  manufacture o f  t i t a n i u m  powder. The methods may be physica l  o r  
chemical o r  a combinat ion o f  both.
A usefu l  p recu rso r  f o r  t i t a n i u m  f a b r i c a t i o n  processes is  ’ sponge’ 
produced by reduc t ion  o f  t i t a n i u m  t e t r a c h l o r i d e  e i t h e r  chem ica l ly  as 
In the K ro l i  process, o r  e l e c t r o l y t i c a 1ly ,  in a process developed 
by Cordner & Worner (72) .  The ' l a t t e r  e le c t r o l y s e d  a fused m ix tu re  o f  
t i t a n i u m ,  l i t h i u m  and potassium c h lo r i d e s  bu t ,  because o f  the  low 
e f f i c i e n c y  o f  the  process,  i t  is  no t  commerc ia l ly  v i a b l e .
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The e s ta b l i sh e d  commercial  p u r i f i c a t i o n  rou te  i s  the  K r o i ! process 
in which t i t a n i u m  t e t r a c h l o r i d e  is  reduced a t  900°C by magnesium 
(o r  sodium).  The r e s u l t i n g  magnesium c h lo r i d e  is  then leached from 
th e  mass leaving  t i t a n i u m  as a sponge which may then be broken down 
by comminution to  form powder o r  melted under vacuum t o  p rov ide  ingo ts  
f o r  o th e r  manufac tur ing  processes.  The c h ie f  im p u r i t y  o f  magnesium 
being oxygen and t h a t  o f  th e  t e t r a c h l o r i d e  being s i l i c o n  o x y c h lo r i d e  
may lead t o  high oxygen c o n te n t ,  t y p i c a l l y  In the  range o f  1500-2000 ppm 
but  t h i s  may be reduced by vacuum fu s io n .
High p u r i t y  t i t a n i u m  may be obta ined  by d i s s o c ia t i o n  o f  t i t a n i u m  
iod ide  in the Van Arke l  process.  In t h i s  process impure t i t a n i u m  
is  reacted w i th  io d ine  a t  500°C t o  form the v o l a t i l e  t e t r a i o d i d e .
Th is  is  then decomposed In vacuum on an e l e c t r i c a l l y  heated t i t a n iu m  
w i re  a t  I200-I600°C d e p o s i t i n g  metai on the w ire  and re le a s in g  io d ine .  
The oxygen c o n ten t  o f  t h i s  m a te r ia l  is  less than 200 ppm. The 
m a te r ia l  r e s u l t i n g  d i r e c t l y  f rom t h i s  process has no s t re n g th  f o r  
c o n s id e ra t i o n  as a s t r u c t u r a l  me ta i ,  bu t  p rovides an e s s e n t ia l  
s t a r t i n g  m a te r ia l  f o r  s c i e n t i f i c  i n v e s t i g a t i o n s .
3.2 Comm!nution
i t  has been mentioned above t h a t  comminution o f  sponge is  a method o f  
powder p roduc t ion  and t h i s  i s  a w id e ly  used method. Th is  invo lves  the 
impact between s t e e l ,  tungs ten  ca rb ide  o r  o th e r  hard b a i l s  and the  
sponge In t h i s  case.  A l t e r n a t i v e l y ,  metal t u r n i n g s  o r  some o th e r  
coarse powder can be used. Th is  method is g e n e ra l l y  usefu l  f o r  
b r i t t l e  m a te r ia l s  o r  m a te r i a l s  which become e m b r i t t l e d  by the  work 
hardening which takes p lace du r ing  impact . In the  case o f  s o f t  
m a te r i a l s  such as pure t i t a n i u m ,  v a r i a t i o n s  on the  method have t o  be
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adopted t o  cause e m b r i t t l e m e n t  o r  t o  preven t  the  s o f t  p a r t i c l e s  !
being welded to g e th e r  by the impact.  |
i
Many m a te r ia l s  become b r i t t l e  a t  low temperature and Dodds CIO) j
repor ted the  b a i l  m i l l i n g  o f  t i t a n i u m  sponge using a c o o la n t  o f  iced |
I
wa ter .  P a r t i c l e  s ize s  o f  about  70 ym were obta ined  f rom which d u c t i l e ,  j
s in t e r e d  bodies were made. However, I t  is  l i k e l y  t h a t  the  oxygen |icon ten t  o f  t h i s  m a te r ia l  is  high a f t e r  re a c t i o n  w i t h  t h e  wa ter .  |
Fr iedman(6) repor ted  the  m i l l i n g  o f  t i t a n i u m  a I i o y s  in  a b a i l  m i l l  I
a t  -196^0 using l i q u i d  n i t r o g e n .  Al though t h i s  reduced oxygen . |
con tam ina t ion ,  the  p a r t i c l e s  were la m e l l a r  in shape and t h e r e f o r e  j
present  d i f f i c u l t y  in  s i n t e r i n g  because o f  i n t e r - p a r t i c l e  b r i d g i n g ,
For very  d u c t i l e  m a te r i a l s ,  Ar iasC73) suggested the  use o f
s u r f a c ta n ts  which re a c t  w i t h  the mate r ia !  being m i l l e d  and p reven t
the newly formed su r faces  f rom weld ing to g e th e r .  Th is  techn ique
produces f i n e r  powders than i f  s u r f a c ta n ts  had no t  been used. A f t e r
powder manufacture th e  s u r f a c t a n t  has t o  be removed. A r ia s  used ,
hydrogen ha l id e s  as th e  m i l l i n g  medium and the  metal h a l id e  sur faces  i
were then cleaned by hydrogen r e d u c t io n .  Work has been c a r r i e d  o u t
a t  AERE using iod ine  as a s u r f a c t a n t  medium in which t o  m i l l  t i t a n i u m .
Very f i n e  p a r t i c l e s  are obta ined  but  these are s o f t  and la m e l la r  in !
shape and do not  s i n t e r  e a s i l y .  The iod ine  is  removed in th e  e a r l y  ;
s tages o f  s i n t e r i n g  when th e  io d ide  d i s s o c ia te s .
The disadvantages o f  the above methods In the case o f  pure t i t a n i u m  
are a combinat ion o f  t h e  fo rm a t ion  o f  la m e l la r  p a r t i c l e s  which do 
not  s i n t e r  r e a d i l y  and the  removal o f  contaminants f rom the  m i l l i n g  
medium. This l a t t e r  d i f f i c u l t y  i s  ano ther o p p o r t u n i t y  f o r  
contamina t ion  by o x id a t i o n .
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3.3  Fusion Methods
Fusion methods invo lve  the  c o o l i n g  o f  d ro p le t s  o f  mol ten meta i .  The
s im p le s t  o f  these i s  the lead shot  process but  In the  case o f  
t i t a n i u m  the  molten metal must be kept  away from a i r  o r  wa te r .  Thus 
i n e r t  gas a tom isa t io n  has t o  be adopted.  In t h i s  method molten metai 
is  fo rced  through a spray o r i f i c e  by pressure d i f f e r e n t i a l  e i t h e r  by 
i n e r t  gas above the  metai o r  by spray ing  in to  vacuum. A development 
o f  t h i s  process i s  where a st ream o f  molten metal is  broken by j e t s  
o f  i n e r t  gas as descr ibed in the  reviews o f  K la r ,  Shafer  &
Gummeson(30). This process is  now c a r r i e d  ou t  on a commercial 
sca le  and accounts f o r  over  h a l f  o f  wor ld  powder p ro d u c t io n .  Rough 
equi -axed p a r t i c l e s  are obta ined  w i th  s izes  predominant ly  in  the  
range 10 to  iOO ym. For a l l o y s ,  a w e l l - s t i r r e d  mol ten s t a r t i n g  
ma te r ia l  ensures homogeneity o f  compos i t ion  and t h e r e f o r e  t h i s  method 
is  p a r t i c u l a r l y  s u i t a b le  f o r  a l l o y s  where segregat ion  Is a problem, 
i f  convent iona l  c a s t i n g  Is used in  the  f a b r i c a t i o n  process.  However, 
t h i s  method Is not  s u i t a b l e  f o r  t i t a n i u m  a l l o y s  because o f  t h e i r  
r e a c t i on  w i th  r e f r a c t o r y  c r u c i b l e  and o r i f i c e  m a t e r i a l s .  The 
Ro ta t in g  E lec trode  Process (REP) has been used by Friedman(6) to  
produce sphe r ica l  t i t a n i u m  powders having d iameters in  th e  range 
30-500ym. In t h i s  process a wrought  bar o f  the  paren t  m a te r ia l  is  
ro ta te d  about  i t s  a x is  a t  high speed in a chamber f i l l e d  w i t h  I n e r t  
gas. The end o f  the  bar ,  which a lso  acts as an e le c t r o d e ,  is  melted 
in an arc and molten d ro p le t s  are thrown by c e n t r i f u g a l  f o r c e  t o  f reeze  
in f l i g h t  as spheres.  Friedman re p o r ts  the  p roduc t ion  o f  t i t a n iu m  
spheres which are f re e  o f  major  p o r o s i t y  and su r face  d e fec ts  and have 
an oxygen co n ten t  In the  range o f  700-900 ppm.
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An a l t e r n a t i v e  process i s  t h e  C e n t r i f u g a l  Shot Cast ing  (CSC) process 
descr ibed by Hodkin e t  a I (7 4 ) .  In t h i s  process the  feed m a t e r i a l ,  in 
the  form o f  a consumable cathode,  is  melted by an a rc  s t r u c k  between 
the  e le c t ro d e  and a r o t a t i n g  c r u c i b l e  and i s  d i r e c te d  towards the 
chamber w a l l s  by c e n t r i f u g a l  f o r c e .  The chamber is  f i l l e d  w i th  i n e r t  
gas whose thermal c o n d u c t i v i t y  Is o f  importance in de te rm in ing  the 
shape o f  p a r t i c l e s  produced.  Argon is  o f t e n  used, bu t  hel ium having 
a g re a te r  thermal c o n d u c i t l v l t y  Is used t o  a s s i s t  s o l i d i f i c a t i o n  o f  
the  d ro p le t s  befo re  they  c o l l i d e  w i t h  the  w a i l .  Th is  ensures a h igher  
p r o p o r t i o n  o f  sphe r ica l  p a r t i c l e s  over f l a k e s .
In p r a c t i c e ,  spher ica l  p a r t i c l e s  have a l im i t e d  a p p l i c a t i o n .  For a 
g iven volume, the  sphere is  the  shape having the  s m a l le s t  su r face  area 
and hence the  s m a l le s t  su r face  energy.  As I t  is  t h i s  energy which 
p rov ides  the d r i v i n g  fo rce  f o r  d e n s i f i c a t i o n ,  th e re  is  thus a l im i t e d  
amount o f  s i n t e r i n g  which can take p lace and high d e n s i t y  is  more 
d i f f i c u l t  t o  achieve than w i t h  the  rough equi-axed p a r t i c l e s ,  which 
can a lso  be produced by a to m is a t io n .  Spher ica l  p a r t i c l e s  are on ly  
o f  l im i t e d  a p p l i c a t i o n  to  co ld  p ress ing  and s i n t e r i n g  rou tes because 
o f  low green s t re n g th .  However, t h e  sphe r ica l  p a r t i c l e s  f a c i l i t a t e  
the  co n t ro l  o f  p o r o s i t y  and are re qu ired  f o r  a q u a n t i t a t i v e  i n t e r ­
p r e ta t i o n  o f  the  s i n t e r i n g  process.
3.4  Hyd r id e -Dehydr ide Process
The Hyd r id e -Dehydr ide (HDH) process may be c l a s s i f i e d  as a 
comminution method using e m b r i t t l e m e n t  by hydrogen but  deserves 
spec ia l  mention because o f  i t s  a p p l i c a b i l i t y  t o  the  p ro duc t io n  o f  
t i t a n i u m  and z i rcon ium powders.
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From the  phase diagram produced by HansenC28)^ f i g u r e  5, I t  may be 
seen t h a t  the  room tempera ture  s o l u b i l i t y  o f  hydrogen In a - t l t a n lu m  
Is ve ry  low, w h i le  I t  reaches a maximum s o l u b i l i t y  o f  7 .9  atomic 
percen t  a t  319°C. Excess hydrogen causes the p r e c i p i t a t i o n  o f  the  
b r i t t l e  h yd r ide ,  TIHg. Th is  may be m i l l e d  t o  g ive  a f i n e  p a r t i c l e  
s i z e .  Hydrogen may then be removed by hea t ing  In vacuum to  leave a 
metal powder.
Because o f  the  h igh d i f f u s I v l t y  o f  hydrogen In t i t a n i u m ,  the  hydr ide  
Is r e a d i l y  formed a t  temperatures o f  about  500^C, and th e  bu lk  dimensions 
o f  the  p re cu rso r  m a te r ia l  on ly  cause a s l i g h t  d i f f e r e n c e  in t im es .  
There fo re ,  the s t a r t i n g  m a te r ia l  can be s o l i d  bar o r ,  t o  reduce the  
re a c t i o n  t im e ,  may be sponge t i t a n i u m  o r  machine t u r n i n g s .
The h yd r ld ing  process has been s tud ie d  by Antonova & SamsonovC75) and 
by Teplenko & G av r l lo va (76 )  who suggest  t h a t  hydrogen abso rp t io n  Is 
a lmost  Instantaneous a t  400°C, and t h a t  a f t e r  30 minutes a t  t h i s  
tempera ture  the  hyd r ide  formed corresponds t o  the formula TIHj 
Greenspan e t  a l (77) suggest  t h a t ,  In f a c t ,  a m ix tu re  o f  t i t a n iu m  
metal w i t h  hydrogen In s o l i d  s o lu t i o n  and t i t a n iu m  hydr ide  Is formed 
r a th e r  than  complete hyd r ide .  Hausner(.9) s tud ied  the  h y d r ld i n g  o f  
z i r con ium a t  400^0 and a t  SOO^C, and found t h a t  a t  the  h igher  
tempera ture  a m ix tu re  o f  the  hydr ide  and z i rcon ium c o n ta in in g  
I n t e r s t i t i a l  hydrogen is  formed, and t h a t  t h i s  re q u i re s  less m i l l i n g  
f o r  a c e r t a i n  p a r t i c l e  s ize  than the  z i rcon ium hydr ide  produced by 
the  low temperature process.
HohmannC17) used high h y d r ld i n g  temperatures I n i t i a l l y ,  p a r t i c u l a r l y  
f o r  t i t a n i u m  a l l o y s  o r  scrap.  In the  case o f  a l l o y s ,  the  high 
temperature is requ i red  t o  d is s o lv e  as much hydrogen as p o s s ib le  In 
the 3-phase as complete h y d r ld i n g  is  not  always p o s s ib le .  in the
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case o f  scrap,  the  high tempera ture  t re a tm en t  a t  650°C under a 
vacuum o f  1.3 t o  13 mPa (10 -  10 t o r r )  enables su r face  ox ide
layers  t o  d isso lve  so t h a t  hydrogen s o l u t i o n  Is made e a s i e r .  The 
h y d r ld in g  Is completed a t  450°C. The phase diagram In d ica te s  t h a t  the  
maximum temperature f o r  h y d r ld i n g  a t  atmospher ic  pressure  o f  hydrogen 
Is  500^0. Above t h i s  tempera ture  the  hydr ide  Is uns tab le .
M i l l i n g  o f  the t i t a n iu m  hydr ide  Is c a r r i e d  o u t  under argon In a b a l l  
m i l l  using tungsten ca rb ide  b a l l s  t o  produce f i n e ,  about  I pm d iameter ,  
equ i-axed p a r t i c l e s  having rough su r faces .
The hydr ide  powder may be s in te r e d  a f t e r  compaction w i t h o u t  f u r t h e r  
t rea tm en t ;  the  presence o f  hydrogen a c t i v a t e s  the  s i n t e r i n g  process 
enab l ing  i t  t o  be c a r r i e d  o u t  a t  lower tem pera tu res . Hohmann has 
s in t e r e d  compacts o f  hyd r ide  powder a t  IIOO^C In a vacuum of  1.3 mPa 
to  achieve a r e l a t i v e  d e n s i t y  o f  99%. However, shr inkage Is very 
g re a t  and d u c t i l i t y  low as a r e s u l t  o f  the  fo rmat ion  o f  f i n e  
shr inkage cracks  du r ing  d eh yd r ld lng .  Decomposit ion o f  the  hydr ide  
takes p lace a t  e leva ted  tempera tures and low pressures .  McQui l lan 
(37) has c a lc u la te d  the  e q u i l i b r i u m  p re ssu re - tem p e ra tu re -con cen t ra t Ion  
behaviour  o f  hydrogen In pure t i t a n i u m ,  presented in f i g u r e  6, so t h a t  
the dehyd r ld ln g  c o n d i t i o n s  may be chosen to  g ive  a known level  o f  
res id ua l  hydrogen.  I f  a h igh dehyd r ld lng  temperature Is chosen, 
the  hydrogen a c t i v a t e s  th e  s i n t e r i n g  process and leaves a s in te r e d  
cake r a th e r  than a powder. G a v r l io va (7 6 )  suggested t h a t  the  use o f  
an a n t 1 - s 1n t e r l n g  agent  such as ca lc ium ox ide would be b e n e f i c i a l  
a l l o w in g  d ehyd r ld lng  t o  take p lace a t  up to  900°C. The d i f f i c u l t y  
Is then t o  remove th e  ca lc ium o x id e .
An a l t e r n a t i v e  Is t o  use a lower p ressure  o r  t o  remove most o f  the  
hydrogen a t  a low tempera ture  befo re  Inc reas ing  the  tempera ture  t o  
remove the  remaining hydrogen.
Th is  rou te  o f f e r s  a conven ient  process re q u i r i n g  o n ly  pure hydrogen
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and a high vacuum t o  produce a powder whose p u r i t y  then o n ly  depends on 
the  p u r i t y  o f  the  s t a r t i n g  m a t e r i a l .  • I t  does not  r e l y  on s o p h is t i c a te d  
apparatus as do the  fus ion  methods and produces equi-axed powder which 
has b e t t e r  s i n t e r a b l 11t y  than  the  l a m e l la r  powders produced by 
comminution o f  the  m eta i .
4. CONSOLIDATION OF POWDER
C o n so l ida t io n  Is  the  f i r s t  s tage In making a s t rong  body f rom powder and In 
o rd e r  t o  model any process such as s i n t e r i n g  in  3-d lmenslonal  bod ies .  I t  Is 
necessary t o  examine the  packing and compact ion o f  powders. Th is  can be 
a f f e c t e d  by the  mechanical p r o p e r t i e s  o f  the  meta l ,  chemical bonding,  
adhesion and f r i c t i o n  between p a r t i c l e s  and t h e i r  shape and s i z e .  Not a l l  
o f  these f a c t o r s  are Impor tan t  In t h i s  s tudy and some w i l l  be neg lected .
4.1 P a r t i c l e  Packing
For s i m p l i c i t y ,  the  f i r s t  case o f  3-d I mens!onaI packing t o  be 
considered Is a s imple cub ic  a r ra y  o f  sphe r ica l  p a r t i c l e s .  A u n i t  c e l l  
o f  8 spheres,  each o f  rad ius  R can be packed In to  a cub ic  box o f  s ide  L. 
The volume o f  the  spheres Is 8 x 4 /3  ttR^ and t h a t  o f  the  box Is  54R 
u n i t s .  The r a t i o  o f  these values g ives  the  p o r o s i t y  which In t h i s  case 
Is 47.6# o f  the  t o t a l  volume. In another arrangement the  spheres may be 
staggered,  those o f  one laye r  r e s t i n g  In the  I n t e r s t i c e s  o f  the  laye r  
below t h i s  reducing p o r o s i t y  r e l a t i v e  t o  t h a t  o f  the  s imp le cub ic  a r ra y  
above. Fraser (78)  has c a l c u la te d  the  s p e c i f i c  p o r o s i t i e s  f o r  several  
a r rays  as shown In t a b l e  7.
Table 7: P o r o s i t i e s  o f  Simple Arrays o f  Spher ical  P a r t i c l e s
Type o f  Packing Maximum Poros-i ty (#)
Coord 1 nat ion  
Number
Simple cub 1c 47.6 6
Ortho rhombic 39.5 •
Body cent red cu b ic  (BCG) 32.0 8
Te t ragona1 30.2
Pyramidal ,  face centred cu b ic  CFCC) 
o r  Hexagonal c lose  packed (HOP) 26.0 12
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However, when spheres are packed i n t o  a c o n ta in e r  they do not  
Immediately take  up the  most dense arrangement and t h i s  can comp l i ca te  
any a t tempt  t o  model the  process o f  compaction. V i b r a t i o n  can 
g r e a t l y  Increase the d e n s i t y  o f  a haphazard arrangement o f  spheres f rom 
about  54^ t o  between 60 and 10%,
BernalC79) s tud ied  the  packing o f  spheres In h is  examinat ion o f  the  
s t r u c t u r e  o f  monatomic l i q u i d s  and found the value  o f  c l o s e s t  random 
packing den s i t y  a f t e r  v i b r a t i o n  t o  be 64$, compared w i t h  60$ f o r  loose 
packing and 74$ f o r  c lose  pack ing.  He concluded t h a t  t h i s  random c lose  
packed a r ra y  would have a s t a t i s t i c a l  c o - o r d in a t i o n  number o f  8 I f  the  
spheres ’ cen t res  were w i t h i n  1.05 d iameters  o f  one ano the r .  These 
va lues o f  packing d e n s i t y  and c o - o r d in a t i o n  number approximate t o  those 
o f  the  body cent red cu b ic  s t r u c t u r e ,  and I t  may be p o s s ib le  t o  use such 
an a r ray  f o r  a model o f  the s i n t e r i n g  process.
Besides v i b r a t i o n ,  another  method o f  Inc reasing the  d e n s i t y  Is t o  f i l l  
the  I n t e r s t i c e s  between spheres w i t h  s m a l le r  spheres.  Indeed, commercial 
powders g e n e ra l l y  have a range o f  p a r t i c l e  s izes  and v i b r a t i o n  is  not  
always necessary t o  Increase d e n s i t y .  in an Idea! t e t r a g o n a l  l a t t i c e  
o f  spheres o f  rad ius  R, the  I n t e r s t i c e s  may be f i l l e d  w i t h  spheres o f  
rad ius  0.414 R reducing th e  p o r o s i t y  from 30$ to  20$. Brown(80) 
c a r r i e d  ou t  work using atomised s tee l  powder o f  12 s ieve  f r a c t i o n s .
By making b inary  mixes and v i b r a t i n g  the  m ix tu re  he found a maximum 
d en s i t y  was achieved when the r a t i o  o f  pr imary t o  secondary sphere 
d iameters was about  6. Ternary m ix tu res  were less c r i t i c a l  In 
compos i t ion  and a p o r o s i t y  o f  33$ was g e n e ra l l y  o b ta in ed .
P a r t i c l e  shape can a ls o  a f f e c t  compaction. For example, p a r t i c l e s  o f  
cub ic  shape should pack t o  zero p o r o s i t y ,  bu t  Fraser(.78) showed t h a t
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a haphazard arrangement y ie ld e d  a p o r o s i t y  o f  20-35$.  A value 
o f  10$ was obta ined  f o r  d iscs  o r  c y l i n d e r s .  Some powder 
manufactur ing processes produce p la te-shaped p a r t i c l e s ,  which tend 
t o  form br idges  and make compaction more d i f f i c u l t .  MoonC81) 
considered t h a t  I r r e g u l a r l y  shaped p a r t i c l e s  have a g re a te r  packing 
e f f i c i e n c y  as the  p a r t i c l e  shape dev ia tes  from s p h e r i c a l .  Th is  he 
a t t r i b u t e d  t o  the  a s p h e r l t l e s  o f  some p a r t i c l e s  f i t t i n g  In to  the  
I n t e r s t i c e s  o f  groups o f  p a r t i c l e s  as they  r e - o r l e n t a t e  on v i b r a t i o n .  
This would make I t  more d i f f i c u l t  f o r  the  I n f i l t r a t i o n  o f  f i n e ,  
I r r e g u l a r l y  shaped p a r t i c l e s  when making a b inary  mix,  so a high un i fo rm 
packing d en s i t y  would become more d i f f i c u l t  t o  o b ta in .  Hausner(82) 
demonstrated t h a t  the  tap d e n s i t y  o f  I r r e g u l a r l y  shaped copper 
p a r t i c l e s  was on ly  60$ o f  t h a t  o f  sp h e r i c a l  p a r t i c l e s  o f  the  same s ize  
showing d isagreement w i t h  Moon. However, a un i fo rm d e n s i t y  could be 
achieved which Is Impor tan t  f o r  th e  p ro p e r t ie s  o f  a s in t e r e d  body,
Sche1nberg (83) and McLaren & A tk lnson (84)  have found t h a t  ox ide f i l m s  
reduce the  f r i c t i o n  o f  metal powders and hence Increase t h e i r  tap 
d e n s i t i e s .  The l a t t e r  au thors  found t h a t  a we ight  gain  o f  0.39$ due 
to  absorbed oxygen Increased the  green d en s i t y  o f  uranium n i t r i d e  
by 2$. A s i m i l a r  o bse rva t io n  has been made by TurbaC85) on b a r i t e  where 
adsorbed gas and water  la ye rs  a c t  as l u b r i c a n t .  No q u a n t i t a t i v e  
in fo rm a t ion  e x i s t s  f o r  the  l u b r i c a t i n g  e f f e c t  o f  ox ide  f i l m s  on 
t i t a n iu m  powders. However, f o r  b u l k  t i t a n iu m  Machl ln & Yankee(86) 
found t h a t  the  s t a t i c  f r i c t i o n  c o e f f i c i e n t  decreases from 1.15 t o  
0 .70 when the  oxygen co n te n t  Is Increased to  0 .2  we ight  per cen t .
A f t e r  hea t ing  bu lk  t i t a n iu m  In a i r  a t  350°C f o r  17 hours the  f r i c t i o n  
c o e f f i c i e n t  between copper and t i t a n i u m  decreased f rom 0 .63 t o  0 .25 .  
Al though these values apply t o  b u l k  m a t e r i a l ,  I t  may be assumed t h a t  
the  reduc t ion  o f  f r i c t i o n  c o e f f i c i e n t  Is due to  the  presence o f  su r face
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ox ides .  So f o r  powders, o x i d a t i o n  may a s s i s t  movement o f  p a r t i c l e s  
over one another  and a l lo w  g r e a te r  d e n s i t i e s  t o  be obta ined  on 
compact ion.
4 .2  P a r t i c l e  Compaction
Dur ing compaction o f  powder a r ra ys ,  th re e  processes may be considered 
t o  occur .  F i r s t ,  p a r t i c l e s  s l i p  over  one another  so t h a t  they become 
stacked more e f f i c i e n t l y  In the  d ie .  Th is  Is  a f f e c t e d  by the  f r i c t i o n  
fo rces  between th e  p a r t i c l e s  and the  process Is stopped when p a r t i c l e s  
become locked In p o s i t i o n  o r  form ’ b r i d g e s ’ around la rge  pores.
In the second s t a g e , e l a s t i c  compression takes p lace a t  the  c o n ta c t  
p o in t s  between p a r t i c l e s  r e s u l t i n g  In an Increased area o f  c o n ta c t .
Th is  stage has been examined t h e o r e t i c a l l y  by HertzC.87) and by 
E a s te r l i n g  & Tho len (88) ,  who d e r ive  expressions showing t h a t  the  cube 
o f  the  co n ta c t  d iameter  is Inve rse ly  p ro p o r t io n a l  t o  the  Youngs 
Modulus o f  the m a t e r i a l .  Th is stage o f  compact ion Is r e l a t i v e l y  
un importan t  f o r  f i n e  p a r t i c l e s  as, f o r  smal l  c o n ta c t  a reas,  th e  
e l a s t i c  l i m i t  Is  exceeded by very  small  press ing loads and the  f i n a l  
stage o f  compaction Is reached.
In t h i s  t h i r d  stage,  p l a s t i c  de fo rmat ion  takes p lace g i v i n g  an increase 
In co n ta c t  area and a permanent decrease in p o r o s i t y .  For b r i t t l e  
m a t e r i a l s ,  t h i s  stage Is not  reached and p a r t i c l e  f ragm en ta t io n  occurs .  
The t h i r d  stage o f  compact ion has been considered In d e t a i l  by 
PelzelC89),  who examined the  changes In geometry o f  spheres stacked In 
two sample a r ra ys :  s imp le  cub ic  and face -cen t red  c u b i c .  He der ived  
the  changes In c o n ta c t  area and p o r o s i t y  as the  spheres deform 
p l a s t i c a l l y ,  and good agreement between theory  and p r a c t i c e  was 
obta ined  f o r  copper and i ron  powders, p a r t i c u l a r l y  a t  low pressures
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befo re  work hardening took  p lace .  A t  h igh  p ressures,  the  I n t e r a c t i o n  
between powder and d ie  wa l l  must not  be neglected as compaction 
dev ia tes  from I s o s t a t l c  behaviour .
In p r a c t i c e ,  q u a l i t a t i v e  a n a ly s is  o f  powder compact ion Is d i f f i c u l t  
as th e re  Is r a r e l y  any ordered s tack ing  o f  p a r t i c l e s  which may be 
assumed. However, a s imple  mathemat ical  t rea tm e n t  can be a pp l ie d .
Many authors  use the r e l a t i o n s h i p  between compact pressure  and 
volume o r  d e n s i t y  t o  q u a n t i f y  the  process.  Donachle & BurrC90) and 
Morgan & Sands(91) r e s p e c t i v e l y  examined copper and sponge I ron 
powder, and p l o t t e d  the  lo gar i thm  o f  compact ion pressure  versus 
r e l a t i v e  vo id  con ten t  and produced curves having th r e e  d i s t i n c t  
g ra d ie n ts ,  presumably correspond ing t o  the  th re e  d e n s i f i c a t i o n  
mechanisms discussed above.
The most recent  numer ical  analyses o f  powder compact ion have been 
c a r r i e d  o u t  by Kawakl ta(92)  and B o c k s t l e g e I (93) us ing the  p r o b a b i l i t y  
o f  void volume decreases and the  e l a s t i c  and p l a s t i c  behaviour  of  
the  m a te r ia l  t o  a r r i v e  a t  a general  compact ion fo rm u la .  The d e t a i l s  
o f  t h i s  t rea tm en t  w i l l  be om it ted  here as the formula  may be 
s i m p l i f i e d  as Ind ica ted  by James(94),  so t h a t  a l i n e a r  r e l a t i o n s h i p  
e x i s t s  between th e  logar i thm o f  p o r o s i t y  o r  volume change and the  
compact ion pressure ,  and t h i s  s imp le t rea tm en t  w i l l  be used l a t e r .
From the  above. I t  can be seen t h a t  the  compaction behav iour  o f  powders 
can be t r e a te d  very s imply  f o r  comparison o f  d i f f e r e n t  types o f  
powder, e .g .  ox id ised  and unox ld ised powder. The p a r t i c l e  arrangements 
f o r  random a r rays  o f  spheres may approximate t o  an or thorhombIc  o r  
body-centred  te t r ag o n a l  a r ra y  I f  packing d e n s i t y  and c o - o r d in a t i o n  
number a lone are cons idered,  and t h i s  w i l l  be o f  use In an a t tempt
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t o  model the  re s is tance  o f  an a r ra y  o f  spheres in o rd e r  t o  examine 
t h e i r  s i n t e r i n g  behav iour .
5. THEORIES OF SINTERING
Powders d i f f e r  f rom s o l i d ,  p o l y c r y s t a l l i n e  m a te r ia l  In t h a t  they possess 
a la rge  r a t i o  o f  su r face  area t o  volume and, hence, a la rge amount o f  
su r face  energy.  I t  Is the  reduc t ion  o f  t h i s  energy which Is t h e  d r i v i n g  
fo rce  f o r  s i n t e r i n g .  Th is  energy and thus  the  d r i v i n g  fo r c e  w i l l  be 
g re a te r  f o r  f i n e r  powders, so I t  Is advantageous to  be able t o  handle 
f i n e  powders. Time and tempera ture  p lay a r o l e .  As s i n t e r i n g  proceeds, 
the energy a v a i l a b le  Is reduced and th e  s i n t e r i n g  process Is slowed down. 
At  h igh temperature atomic movement Is  e a s ie r  and s i n t e r i n g  Is promoted.  
On the  macroscopic sca le ,  f o u r  Impor tan t  s tages may be d i s t i n g u is h e d  
dur ing  the  s i n t e r i n g  o f  a powder agglomerate t o  produce a dense body.
The f i r s t  s tage,  Stage 0, r e c e n t l y  proposed by Behar e t  a l (95) is  t h a t  In 
which s l i g h t  p a r t i c l e  movement takes p lace to  a l low  co n ta c t  between 
p a r t i c l e s .  Th is  Is a r e s u l t  o f  Incomplete compaction so t h a t  p a r t i c l e  
movement is  p os s ib le .  i t  Is observed p a r t i c u l a r l y  w i th  sp he r ica l  powders 
having smooth su r faces  and those compacted a t  low pressures.  Th is  stage 
Is t h e r e fo r e  on ly  observed in a l im i t e d  number o f  cases.
The second stage .  Stage 1, is  most w ide ly  repor ted  and Invo lves  the  
I n i t i a l  neck growth a t  the  con tac ts  between p a r t i c l e s .  The p a r t i c l e s  
r e t a i n  t h e i r  I n d i v i d u a l i t y  and o n l y  a small  amount o f  sh r in kage ,  about  
5$ takes p lace.
The in te rmed ia te  stage .  Stage I I ,  Invo lves  d e n s i f i c a t i o n  and g ra in  growth 
may beg in .  Most sh r inkage ,  up t o  90$, takes  p lace dur ing  t h i s  s tage In 
which th e  pores which remain In te rconnec ted  become c y l i n d r i c a l  In shape.
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The f i n a l  s tage,  Stage I I I ,  Is reached when the  pores become Iso la ted  
and approx im a te ly  s p h e r ica l  In shape. A t  t h i s  p o i n t ,  the  l a s t  10$ o f  
p o r o s i t y  is  on ly  s lo w ly  reduced because f u r t h e r  d e n s i f i c a t i o n  Is 
hampered by d i f f u s i o n  over  long paths t o  g ra in  boundar ies,  and the  slow 
k i n e t i c s  o f  the  removal o f  gas which may be t rapped In the  pores.
In p r a c t i c e ,  the re  Is a c l e a r  d i s t i n c t i o n  between these  f o u r  stages and 
between th e  mechanisms t a k i n g  p lace.  Many at tempts  have been made t o  
q u a n t i f y  the  s i n t e r i n g  process In o rd e r  t o  e s ta b l i s h  the  mechanisms 
respon s ib le .  In o rd e r  t o  examine these mechanisms and cons ide r  t h e i r  
respec t ive  l i m i t a t i o n s  and c o n t r i b u t i o n s  t o  the  s i n t e r i n g  process,  I t  wi 
be necessary t o  r e f e r  t o  f i g u r e  7 f o r  t h e  p a r t i c l e  geometry.  For 
s i m p l i f i c a t i o n ,  I t  w i l t  be assumed t h a t  p a r t i c l e s  are s p h e r i c a l .
The mechanisms respons ib le  f o r  s i n t e r i n g  are :
Evapora t ion  and Condensat ion:  does not  produce shr inkage but  
may account  f o r  neck fo rm a t ion  and sphero id  1 s ing  o f  pores.
Volume D i f f u s i o n  from g ra in  boundar ies o r  d i s l o c a t i o n s  t o  the 
neck causing shr inkage and neck growth.
Grain Boundary D i f f u s i o n  which accounts f o r  sh r inkage and neck 
growth.
Surface d i f f u s i o n  which a s s i s t s  neck growth and pore sp h e ro id I s ln g  
bu t  does not  c o n t r i b u t e  t o  sh r in kage .
Viscous o r  P l a s t i c  f low  which Invo lves  d i s l o c a t i o n  movement and 
the  r e l i e f  o f  s t re s s  a t  c o n ta c t  p o i n t s .
These mechanisms w i l l  now be d iscussed In more d e t a i l .
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F igure  7; Neck Geometry o f  Adjacent  Spheres
Figure  7 (a ) ;  No shr inkage Figure  7 (b ) ;  Shr inkage occurs
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5. ! Evapora t ion  and Condensat ion
M a te r ia l  t r a n s p o r t  in the  vapour phase is  im portan t  In a l im i t e d  
number o f  cases where the  m a te r ia l  is  a t  s u f f i c i e n t l y  high 
temperature f o r  i t s  vapour pressure to  be a pp rec ia b le ,  i t  does no t  
c o n t r i b u t e  t o  shr inkage b u t  o n l y  t o  pore s p h e r o id ! s a t l o n  and neck 
growth so i t  cannot"be neg lec ted .
At  a curved su r face ,  the  vapour p ressure  o f  the  metal depends on the  
rad ius  o f  cu rv a tu re  accord ing  t o  a Gibbs r e l a t i o n s h i p .
^  K- . .  . .  C5.1)
Po dkT
where P| and are the  re s p e c t i v e  vapour pressures  over  curved and
f l a t  su r faces ,  3 the  su r face  energy,  d the  d e n s i t y ,  k the  Boltzmann
co ns tan t ,  T the  abso lu te  tem pera tu re ,  M the m o lecu la r  we igh t ,
K is  descr ibed In f i g u r e  7 ( a ) .  By d e f i n i t i o n ,  the  vapour pressure
Is negat ive  over a concave s u r face ,  the  neck, and- p o s i t i v e  over  a
convex su r face ,  t h e  sphere.  Thus, the re  is  a pressure d i f f e r e n c e
which p rov ides a d r i v i n g  fo rce  f o r  m a te r ia l  t r a n s p o r t .
The ra te  o f  t r a n s p o r t  o f  m a te r ia l  may be expressed in terms o f  the
ra te  o f  volume change a t  the  neck between two spheres:
d t
—  = —  . . . .  (5 .2 )
d d t
where m is the r a te  o f  condensat ion per  u n i t  area o f  vapour g iven by 
M 2m = Ap (--------) . .  . .  (5 .3 )
2iîkT
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I f  the  pressure  d i f f e r e n c e  Ap -  -  P| Is sm a l l ,  and x « a
then :  In Pj ^  and equat ion  (5 .1)  becomes:
Po Po
AP = ^
dpkT
(5 .4 )
S u b s t i t u t i o n  f o r  m in 5 .2  and using th e  geometr ic  approx imat ions  
o f  f i g u r e  7 (a ) ,  we have:
,3 
a
—  = K, t  . . . .  (5 .5 )
where K Is a cons ta n t .
Th is  is  the  equat ion  f i r s t  proposed by KuczynskI (96) .  C ons ide ra t io n  
o f  the geometry changes dur ing  t h i s  process show t h a t  ma te r ia l  
evaporates o n ly  a t  f r e e  convex sur faces  and condenses a t  concave 
sur faces  such as the  neck. Thus, the  d is tance  between p a r t i c l e  
cen t res  is  una f fec ted  and shr inkage cannot  be exp la ined  by t h i s  
mechanism.
5 .2  P l a s t i c  Flow
in t h i s  mechanism, I t  is  assumed t h a t  s t resses  e x i s t  as a r e s u l t  o f  
su r face  c u rv a tu re :  t e n s i l e  s t resses  in the  neck and compressive 
s t resses  on the  convex su r face  o f  the p a r t i c l e .  I f  compressive 
s t resses  are def ined  as having p o s i t i v e  va lue,  then the  s t re s s  a t  
the  neck c i rcumference  Is :
g = % (1 _ 1 ) . . . .  (5.6)
X r
There is  a ls o  a s t r e s s  g r a d ie n t  on the  g ra in  boundary o f  the  neck 
as by symmetry, s t re ss  a t  the  neck ax is  is zero .  A t  h igh s i n t e r i n g
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temperatures,  the  s t re s s  can be s u f f i c i e n t l y  high t o  cause p l a s t i c  
f low in the  neck reg ion .  Three mechanisms are g e n e ra l l y  considered 
respons ib le  f o r  p l a s t i c  f low ;  Nabarro -Herr Ing  creep,  v iscous f l o w ,  
and creep by d i s l o c a t i o n  mot ion,
5 . 2 . 1 .  Nabarro -Herr ing  Creep
Th is  mechanism proceeds by d i f f u s i o n  o f  vacancies f rom areas o f  
h igh chemical p o t e n t i a l  t o  areas o f  lower p o te n t i a l  and is  thus 
s i m i l a r  t o  volume d i f f u s i o n  which w i l l  be descr ibed below.
5 .2 . 2 .  Viscous Flow
This mechanism is u s u a l l y  cons idered f o r  the  s i n t e r i n g  o f  g lasses and 
some po lymer ic  m a t e r i a l s .  An express ion  f o r  the  ra te  o f  neck growth 
in terms o f  the v i s c o s i t y  c o e f f i c i e n t  has been deduced by F re n k e l (97) 
bu t  the  mechanism Is not  considered t o  be s i g n i f i c a n t  in the  s i n t e r i n g  
o f  meta ls .
5 .2 .3 .  Pis Ioca t  i on MotI on
In recent  years th e re  has been much argument over the  r o l e  o f  
d i s l o c a t i o n  mot ion as a s i n t e r i n g  mechanism. Of those authors  who 
co ns ide r  p l a s t i c  de fo rmat ion  im por tan t ,  Kuczynski (96) ,  Lenel &
Ansel I (98) and Johnson(99) concede t h a t  i t  Is on ly  im portant  in the  
e a r l y  stages o f  s i n t e r i n g .
Kuczynsk i ’ s a n a ly s is  has been e labora ted  by MooreClOO) who showed 
t h a t  the  i n i t i a l  sh r inkage ra te  assuming p l a s t i c  f lo w  is  g re a te r  
than t h a t  poss ib le  by d i f f u s i o n  from the g ra in  boundary.  However, 
the  p l a s t i c  f low  c o n t r i b u t i o n  soon becomes i n s i g n i f i c a n t .
A more p r a c t i c a l  approach t o  the  s i n t e r i n g  o f  co ld  pressed powders was 
adopted by Easter  11ng(101). Press ing deforms the  c o n ta c t  p o in ts  
between p a r t i c l e s  i n t r o d u c in g  a h igh loca l  d i s l o c a t i o n  d e n s i t y .  The
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deformat ion  accounts f o r  neck fo rm a t ion  and growth is  then p oss ib le  
by d i s l o c a t i o n s  moving t o  areas o f  lower chemical p o t e n t i a l  such as 
the  g ra in  boundary.  This Is demonstrated in a computer model by the  
same a u th o r U 0 2 )  in which chemical p o te n t i a l  maps have been produced.
I t  was found t h a t  on ly  d i s l o c a t i o n s  w i t h i n  about  one neck rad ius  o f  
the  neck are In f luenced by fo rces  g re a t  enough t o  move them. Outs ide 
t h a t  zone the  chemical p o t e n t i a l  g r a d ie n t  i s  too  small t o  cause them 
to  move. Th is  is  conf i rmed by e le c t r o n  microscope s tu d ie s  o f  several  
types o f  sp he r ica l  metal powders. The maximum shear s t re s s  a t  the  
neck is  a ls o  never high enough In p r a c t i c e  to  nuc lea te  new d i s l o c a t i o n s  
and m a in ta in  the g r a d ie n t .  Thus, creep processes In which d i s l o c a t i o n  
c l im b is  necessary,  cannot  take p lace.  As the  d i s l o c a t i o n s  r a p id l y  
move t o  s in k s ,  t h i s  mechanism Is completed in the  e a r l y  s tages o f  
s i n t e r i n g  and c o n t r i b u t e s  l i t t l e  t o  shr inkage.
In agreement, To rkar  & Per Ihe f terC103) deduced t h a t  de format ion  
s t re sses  are e l im in a te d  a t  temperatures lower than those a t  which 
d e n s i f i c a t i o n  takes p lace and are o f  no p r a c t i c a l  importance,
L en e l (104) emphasised the  s i g n i f i c a n c e  o f  p l a s t i c  f l o w  in l a t e r  work.
He p os tu la te d  t h a t  in the  e a r l y  stages o f  s i n t e r i n g ,  the  rad ius  o f  
c u rva tu re  o f  the  neck is  small  so s t re s s  due t o  su r face  ten s io n  is 
high a l lo w in g  m a te r ia l  t r a n s p o r t  by d i s l o c a t i o n  m ot ion .  As the  
necks grow t h e i r  rad ius  increases,  and the  s t re s s  decreases reducing 
th e  d r i v i n g  fo rce  f o r  d i s l o c a t i o n  mot ion .  F u r the r  s i n t e r i n g  must 
then take  p lace by one o f  the  d i f f u s i o n  mechanisms.
Experiments have been devised t o  show the  importance o f  the  p l a s t i c  
f l o w  mechanism. A d is p e rs io n  o f  alumina markers in s i l v e r  w ires  which 
have then been s in t e r e d  a t  935°C suggests the  v a l i d i t y  o f  L e ne l ’ s 
work.  I f  m a te r ia l  is  t ra n s p o r ted  by su r face  d i f f u s i o n ,  the re  w i l l  be
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no movement o f  markers In to  the neck reg ion as atom o r  vacancy movement 
could  no t  move the  markers,  i f  t r a n s p o r t  is by d i f f u s i o n  using the 
g ra in  boundary as a s in k ,  o n l y  the  cen t re  o f  the neck w i l l  con ta in  
markers and the re  w l l i  be m a rk e r - f re e  zones where m a te r ia l  Is 
depos i ted .  I f  d i s l o c a t i o n  mot ion is  respons ib le  then the  d i s t r i b u t i o n  
o f  markers w i l l  be unchanged. The l a t t e r  was observed by LenelCI04).  
However, In t h i s  case. I t  Is p oss ib le  t h a t  d i s l o c a t i o n s  are nucleated 
a t  the markers which would tend t o  favo u r  t h i s  mechanism f o r  such a 
composite m a te r ia l  w h i le ,  f o r  pure s i l v e r  p a r t i c l e s ,  t h i s  mechanism 
may be n e g l i g i b l e .  In f a c t ,  Johnson Cl 10) regards g ra in  boundary and 
volume d i f f u s i o n  as predominant  f o r  s i l v e r  a t  900°C.
Lenel der ived  the  ra te  law f o r  neck growth by d i s l o c a t i o n  movement as:
= Kot . .  . .  (.5.7)4.5 2a
Experimental work a lso  p re d ic te d  the  value o f  x / a  f o r  which p l a s t i c  
f low  and d i f f u s i o n  c o n t r i b u t e  e q u a l l y  t o  the shr inkage o f  s i l v e r  
powders and hence the  p o i n t  a t  which t r a n s i t i o n  f rom one mechanism 
to  the o th e r  w i l l  occur.^  Lenel a lso  s ta ted  t h a t  u n t i l  d i f f u s i o n  took 
p lace,  the  s t resses  in the  p a r t i c l e  would be s u f f i c i e n t  t o  c rea te  new 
d i s l o c a t i o n s .  Al though the  evidence o f  d i s l o c a t i o n  movement is  
i n d i r e c t ,  measurement o f  x / a  agree w i t h  th e  p red ic te d  ra te  law 
con f i rm ing  t h a t  a p l a s t i c  f low  mechanism was respons ib le  i n . t h i s  case.
5 .3  D i f f u s i o n  Mechanisms
The e a r l y  equat ions f o r  s i n t e r i n g  by d i f f u s i o n  assume a g ra d ie n t  o f  
vacancy c o ncen t ra t io n  wbich is then  reduced t o  the  e q u i l i b r i u m  
vacancy co nce n t ra t ion  th roughou t  the  m a te r ia l  by the d r i v i n g  fo rce  
o f  su r face c u rv a tu re .  Modern theo ry  assumes an e q u i l i b r i u m  vacancy
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c o n c e n t ra t io n  a l re a d y  e x i s t s  and t h a t  neck growth is  by atomic 
d i f f u s i o n  under the  i n f lu en c e  o f  su r face  cu rva tu re  d i f f e r e n c e .
However, bo th  the  -vacancy f l u x  and atomic f low  equat ions  lead t o
s i m i l a r  equat ions f o r  neck growth .  The change In vacancy o r  atom
c o n c e n t r a t io n ,  Ac, a t  the  neck Is then r e l a te d  to  the  r a t e  o f  volume 
change a t  the  neck and the  d i f f u s i o n  c o e f f i c i e n t ;
^  . .  . .  C5.8)
p d t
D’ is  the  a p p ro p r ia te  d i f f u s i o n  c o e f f i c i e n t ,  D^, Dy, o r  D^.depending 
on whether g ra in  boundary, volume o r  su r face  d i f f u s i o n  is  the  mechanism 
o p e ra t in g .  The a p p ro p r ia te  geometr ic  approx imat ions  o f  f i g u r e  7 are 
then s u b s t i t u t e d  In the  above equat ion  which is then in te g ra ted  t o  
o b ta in  an equat ion d e s c r ib in g  the  neck growth k i n e t i c s  f o r  the 
mechanism which is  assumed to  be o p e ra t in g .
For example, in the case o f  volume d i f f u s i o n ,  the  approximat ions o f  
f i g u r e  7(b)  are used f o r  which Kuczynsk i (96) obta ined  the  equat ion :
4  = . .  . .  C5.9)
a kT
where ^  is the  su r face  energy,  6 t h e  atomic volume, and t  is  t im e .  
Johnson & Cut ie rC lOb)  der ived  the  same equat ion  f o r  volume d i f f u s i o n  
w i th  the  g ra in  boundary a c t i n g  as a vacancy s in k  excep t  the r i g h t  
hand s ide  is  8 t imes g re a te r .  They a lso  expressed t h e i r  geometr ic  
approximat ions  in terms o f  shri 'nkage, AL/L^,  t o  o b ta in  equat ions f o r  
the  s i n t e r i n g  k i n e t i c s  o f  a l i n e  o f  spheres.  For example, the  volume 
d i f f u s i o n  mechanism y i e l d s  the  equat ion ;
. ^ 3  n 0.46 0.46_  . (K K f .  0 1 t  . .  . .  C5. I0)
Lo kT
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The two types, ,o f  equat ion  jpay be w r i t t e n  as; 
D a^ t
kT
C5, I I  >
0 . 12)
The va lues o f  the constants,K,K and o f  the  exponents w, s ,  p, m, 
found by va r ious  au thors  are presented In t a b le  8.
Table 8: Constants and Exponents f o r  the  S in te r i n g  Equations
Author D i f f u s i o n  Path Eq C 5. l l Eq (3.12)
k ! w s K m P
Johnson & C u t le r  
(105)
L a t t i c e
Grain boundary
43 
1 15b
4.7
7
I .7 
3
3 l / fT 
506/771
0.46
0.31
3
4
Kingery & Bern 
(106) ^
L a t t i ce 320 5 2 20/  y f 0 .4 3
Coble (107) L e t t  i ce 32 4 2 2 0.5 3
Grain boundary 96 6 2 15a 0.33 4
Kuczynski (96) L a t t i c e
Surface
40
56Ô
5
7
2
3
Rockland Cl08) L a t t i c e
Surface
16
34Ô
4
7
1
3
Johnson C99) L a t t i c e  (.from 
g ra in  boundary 
o n l y )
75 4. 12 3 5.34 0.49 3
L a t t i c e  (.from 
g ra in  boundary 
and su r face )
64.5 4,43 3 6,9. 0.53 3
Grain boundary 1 14b 6,22 4 2,14b 0.33 4
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Table 8 shows general agreement between several  authors  f o r  the 
values o f  the  exponents f o r  the  re s p e c t i v e  mechanisms. The 
equat ions o f  Johnson & C u t l e r  are w id e ly  accepted as t h e i r  
geometr ic  approx imat ions  a l lo w  f o r  changes in p a r t i c l e  ra d iu s .
However, du r ing  the  i n i t i a l  s tages o f  s i n t e r i n g ,  t h i s  rad ius  may 
be cons tan t ,  so measurement o f  the  neck rad ius  can be used t o  
determine the  s i n t e r i n g  mechanism as a p l o t  o f  log x o r  log x /a  
versus log ( t im e) w i l l  g ive  a l i n e  o f  s lope 1/w.
Experimental  work by Kuczynski us ing copper spheres s in t e r e d  between 
500 and 800°C, and using s i l v e r  spheres between 700 and 900°C, gave 
a l i n e  o f  s lope 1/5 suggest ing  l a t t i c e  d i f f u s i o n  t o  be th e  dominant 
mechanism in d isagreement w i th  L e n e l ' s  r e s u l t s  which suggested a 
p l a s t i c  f low  mechanism. Cob le ’ s model p red ic ted  a s lope o f  1/4 f o r  
the  l a t t i c e  d i f f u s i o n  mechanism but  h is  exper imental  work on alumina 
powder gave a va lue of  1/5 agreeing w i t h  the  o th e r  au tho rs .
From the  t a b l e .  I t  may be noted t h a t  Johnson's Cl 05) equa t ion  f o r  
g ra in  boundary d i f f u s i o n  has the same exponents as would be expected 
f o r  sur face  d i f f u s i o n .  To d i s t i n g u i s h  between these two mechanisms 
neck growth measurement must be supplemented by shr inkage measurement, 
Grain boundary d i f f u s i o n  w i l l  r e s u l t  in shr inkage o f  the  compact 
whereas su r face  d i f f u s i o n  cannot  account  f o r  sh r inkage.
A l l  the  d e r i v a t i o n s  used t o  produce equat ions 5.11 and 5,12 make the  
assumpt ion t h a t  a s in g le  s i n t e r i n g  mechanism is  o p e ra t i n g .  In 
p r a c t i c e ,  i t  is g e n e r a l l y  agreed t h a t  s i n t e r i n g  occurs by a 
combinat ion o f  mechanisms, which may opera te  s im u l ta neo us ly .  
Johnsoh(99) has cons idered the s i n t e r i n g  k i n e t i c s  when g ra in  boundary 
d i f f u s i o n  and volume d i f f u s i o n  from the  g ra in  boundary c o n t r i b u t e
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e q u a l l y  t o  shr inkage.  More compl icated geometr ic  approx im at ions  than 
those o f  f i g u r e  7 are requ ired  and the  equat ions  are t h e r e f o r e  
l im i t e d  t o  about  3 .5# o f  sh r inkage.  The c o n t r i b u t i o n  o f  o th e r  
mechanisms t o  shr inkage is assumed t o  be n e g l i g i b l e .  The cons tants  
and exponents f o r  these  equat ions  are a lso  ta b u la te d .  Johnson’ s 
d e r i v a t i o n s  d i f f e r  f rom those o f  Coble and Rockland in t h a t  they 
assumed t h a t  a g r a d ie n t  o f  vacancy co nce n t ra t io n  was resp ons ib le  
f o r  d i f f u s i o n  w h i l e  Johnson cons iders  atom m ig ra t io n  under the  
in f lu e n ce  o f  su r face  c u rv a tu re .  Johnson suggested t h a t  a vacancy 
mechanism could  not  account  f o r  the  s i n t e r i n g  o f  doped io n i c  
compounds(99,109) .  Kingery & BergC106) used a f l u x  equa t ion  which 
is  v a l i d  on ly  f o r  volume d i f f u s i o n  f rom the  sphere su r face  t o  the  
neck and neg lec ts  any d i f f u s i o n ,  from the  g ra in  boundary t o  the  neck. 
However, in most cases, the  g ra in  boundary is a t  the  neck and the  two 
c o n t r i b u t e  s im u l tane ous ly .  These s i n t e r i n g  equat ions must t h e r e f o r e  
be used w i th  c a u t i o n .  I f  r e l i a b l e  shr inkage and neck growth data 
are a v a i l a b le  i t  is p oss ib le  to  o b ta in  the  exponent,  which w i l l  then 
d e f ine  the  s i n t e r i n g  mechanism, and the  d i f f u s i o n  c o e f f i c i e n t .  
Johnson( l lO ) has s tud ie d  the  s i n t e r i n g  o f  s i l v e r  powder a t  900^C and 
the  exponents obta ined  suggest t h a t  s i n t e r i n g  occurs  by g ra in  
boundary d i f f u s i o n  w i t h  a minor c o n t r i b u t i o n  by volume d i f f u s i o n .
From h is  data ,  d i f f u s i o n  c o e f f i c i e n t s  were c a lc u la te d  which agree 
we I I w i t h  o th e r  pub I ished  va lues .
The s imul taneous o p e ra t io n  o f  several  s i n t e r i n g  mechanisms has been 
considered by A s h b y ( l l l )  who used d i f f u s i o n  data t o  p r e d i c t  by 
c a l c u l a t i o n ,  which s i n t e r i n g  mechanism is  predominant  under g iven 
c o n d i t i o n s .  He equated p a i r s  o f  s imple  neck growth equat ions  so 
t h a t  a t  a g iven tempera ture,  th e  neck s ize  could be c a l c u la te d  I f  the
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two mechanisms gave an equal c o n t r i b u t i o n  t o  growth.  He thus 
produced maps which in d ica te d  th e  predominant  mechanism. This 
method r e l i e s  on the  e x is te n c e  o f  r e l i a b l e  d i f f u s i o n  data and as 
o n l y  the  s imp le s i n t e r i n g  equa t ions  are used, the  method can on ly  
be app l ied  t o  about  t h e  f i r s t  5# o f  sh r inkage beyond which these 
equat ions are no longer v a l i d .
A f u r t h e r  l i m i t a t i o n  o f  the  above equat ions is  t h a t  they  a l l  r e l a t e  t o  
spheres o f  a s i n g le  s i z e  and t h i s  is  recognised by C o b le C i l2 ) .  He 
considered the e f f e c t s  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  and concluded 
t h a t ,  dur ing  the  I n i t i a l  s tages o f  s i n t e r i n g ,  th e  s i n t e r i n g  ra te  
would be in te rm ed ia te  between those p re d ic te d  f o r  the  end-member 
s i z e s .  Thus an e f f e c t i v e  p a r t i c l e  s ize  could be used f o r  
a p p l i c a t i o n  o f  the  s i n t e r i n g  e qua t ion s .  Thus, I t  Is p o s s ib le  t o  
measure neck growth ra te  and o b ta in  an exponent t o  p r e d i c t  the  
poss ib le  s i n t e r i n g  mechanism s u b je c t  t o  the usual l i m i t a t i o n  o f  the  
s i n t e r i n g  equat ions being a p p l i c a b le  to  the  f i r s t  few percent  o f  
shr inkage.
5.4 In te rmedia te  and Fina l  Stage S i n te r i n g
The equat ions  considered above app ly o n l y  t o  the i n i t i a l  s tage o f  
s i n t e r i n g  in which up t o  about  5# shr inkage takes p lace and dur ing  
which the re  i s  very  l i t t l e  change in p o r o s i t y .  The in te rm ed ia te  
stage o f  s i n t e r i n g  then takes ove r u n t i l  the p o r o s i t y  Is reduced t o  
between 10 and 5#. A f t e r  t h i s  is  t h e  f i n a l  s tage,  the  pores become 
iso la te d  from one ano the r and change in shape f rom c y l i n d r i c a l  t o  
s p h e r i c a l .  As th e re  is  a la rge change o f  d ens i ty  du r ing  the  i n t e r ­
mediate stage,  i t  is normal t o  f o l l o w  the  s i n t e r i n g  process by
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measurement o f  t h e  change o f  a d e n s i t y  re la te d  p ro p e r t y ,  e .g .  
volume shr inkage,  p o r o s i t y ,  e l e c t r i c a l  r e s i s t i v i t y .
One q u a n t i t a t i v e  a n a ly s i s  o f  t h e  In te rmed ia te  stage o f  s i n t e r i n g  
has been made by Coble & Gupta(.98) who used p o r o s i t y  t o  m on i to r  the 
s i n t e r i n g  process. They assumed t h a t  a l l  g ra ins  had the  same s iz e  
and shape and t h a t  a t  any moment dur ing  s i n t e r i n g ,  the  pores are 
c y l i n d e r s  o f  the  same s iz e  re s id in g  a t  th re e  g ra in  edges. I f  a tomic 
f l u x  is  c o n t r o l l e d  by d i f f u s i o n  then the f l u x  o f  atoms f rom the  g ra in  
t o  the  pore su r face  may be equated to  the  volume change o f  the  pore.
The isothermal  p o r o s i t y - t i m e  data then y i e l d  an a c t i v a t i o n  energy 
f o r  the  d e n s i f i c a t i o n  mechanism. D i f f u s i o n  c o e f f i c i e n t s  have been 
c a l c u la te d  from s i n t e r i n g  exper iments on alumina and copper powders 
and show good agreement w i t h  those pub l ished by o th e r  au tho rs .
Another approach was made by JohnsonCII3 ) .  Making the  assumpt ion t h a t  
the  mechanisms respons ib le  f o r  i n i t i a l  stage s i n t e r i n g  a lso  opera te  
in the in te rmed ia te  stage he extended h is  o r i g i n a l  work.  The geometr ic  
s u b s t i t u t i o n s  f o r  the f l u x  equat ions could be taken f rom m ic r o s t ru c tu re s  
o f  the s in te r e d  m a te r ia l  which are then expressed in terms o f  the  
volume change. The l i m i t a t i o n  t o  t h i s  method is  t h a t  su r face  
d i f f u s i o n  and vapour t r a n s p o r t  cannot  be measured by t h i s  method 
as they do not  a f f e c t  t h e  geometr ic  parameters.  Since these 
parameters are determined a t  the  end o f  a s i n t e r i n g  exper iment  the  
r e s u l t s  are not  a f f e c te d  by any t r a n s i e n t  phenomena which may occur 
dur ing  th e  i n t i a l  stage o f  s i n t e r i n g .
As the in te rmed ia te  stage o f  s i n t e r i n g  is the  one In which most 
d e n s i f i c a t i o n  occurs i t  is conven ient  to  r e l a t e  some f u n c t i o n  o f  
length o r  d e n s i t y  t o  t ime by an equat ion  o f  the  t ype :
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exp C . t  
RT
where G is  th e  d e n s i t y  r e la te d  parameter being measured. Th is  may
be l i n e a r  sh r inkage ,  AL/L^, o r  volume sh i rnkage,  AV/V^, o r  the
s tandard ised  va lue  having a maximum o f  u n i t y  bu t  expressed as,
f o r  example;
L i n i t i a l  -  L s in t e r e d  
L i n i t i a l  -  L t h e o r e t i c a l
A is  a cons ta n t  and n an exponent  which is  c h a r a c t e r i s t i c  o f  the
s i n t e r i n g  mechanism, f o r  example, n ■= 0 .4  f o r  volume d i f f u s i o n  as in
the  i n i t i a l  s tage .  Q is t h e  apparent  a c t i v a t i o n  energy,  R the  gas
co ns ta n t ,  T the s i n t e r i n g  temperature,  and t  the t ime o f  s i n t e r i n g .
The value  o f  Q may a l s o  be i n d i c a t i v e  o f  the  s i n t e r i n g  mechanism.
For example, Johnson & Duwez( l l4 )  used t h i s  type o f  equat ion  in a
study o f  the  s i n t e r i n g  o f  copper powders and the values o f  Q they
obta ined  suggest t h a t  a t  temperatures below I025°C, su r face  d i f f u s i o n
was the ra te  c o n t r o l l i n g  mechanism w h i le  volume d i f f u s i o n  was
dominant above t h i s  tempera ture .  A s i m i l a r  r e s u l t  was found by
Reshamwala & Tendo1karC l I  5 ) .
I t  is poss ib le  t o  use r e s i s t i v i t y ,  p, as a s i n t e r i n g  parameter f o r  
conduct ing  m a t e r i a l s ,  as t h i s  is  re la te d  to  p o r o s i t y  e, by p = p^C l-e )  
where p^ is  th e  r e s i s t i v i t y  o f  the  dense m a t e r i a l .  A s i m i l a r  
equat ion  t o  the above can be used t o  deduce an a c t i v a t i o n  energy and 
an exponent t o  i n d i c a te  the  s i n t e r i n g  process.
Th is rev iew o f  s i n t e r i n g  theo ry  in d ica te s  the  measurements t o  be 
made in o rd e r  t o  determine which s i n t e r i n g  mechanisms are o p e ra t in g .
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in the  f o l l o w in g  chap ter  a model i s  proposed which r e l a t e s  the  
re s is ta nc e  a t  the  neck between sphe r ica l  p a r t i c l e s  and the  geometry 
o f  the  neck. Th is  model w i l l  p rov ide  a s e n s i t i v e  method f o r  
f o l l o w in g  the  s i n t e r i n g  process,  p a r t i c u l a r l y  in the  i n i t i a l  stages 
where measurement o f  the  geometr ic  parameters is d i f f i c u l t .
5.5 A c t i v a te d  S in te r i n g
The presence o f  an ox ide  f i l m  on powder p a r t i c l e s  may be sa id  t o  
p rov ide  an example o f  a c t i v a te d  s i n t e r i n g .  Th is  phenomenon has been 
examined in the  reviews o f  Moon( 8 1) and of  Reshamwala & Tendo1karC120). 
An e x ten s ive  study o f  the  in f lu en ce  o f  t h i n  ox id e  f i l m s  on i ro n ,  
copper,  and n icke l  powders has been c a r r i e d  o u t  by Ramakrishnan & 
T e n d o lka rC i16). S in te r i n g  was c a r r i e d  o u t  In hydrogen o r  vacuum so 
much o f  the  ox ide  I s  reduced. However, the  authors found t h a t  
s i n t e r i n g  could be m od i f ied  and improved mechanical p r o p e r t i e s  
ob ta ined  by the  presence o f  an optimum th ickness  o f  o x id e  f i l m  and 
not  oxygen co n te n t .  Th is  th i ckness  was independent  o f  atmosphere, 
a l though a reducing atmosphere a cce le ra te s  s i n t e r i n g  due t o  increased 
chemical a c t i v i t y .  In vacuum and n i t ro ge n  acce le ra ted  s i n t e r i n g  was 
a t t r i b u t e d  t o  increased d i f f u s i o n  In the  su r face  la y e rs ,  due t o  
de fec ts  a t  the meta1-oxide I n te r f a c e .  A t  th icknesses  above a 
c r i t i c a l  va lue gas removal ( i n t o  vapour in the case o f  a hydrogen 
atmosphere) was i n h i b i t e d  so the  p r o p e r t i e s  o f  the  s in t e r e d  compact 
were adverse ly  a f f e c t e d .  The increased s i n t e r i n g  t im e  a ls o  
pe rm i t ted  oxygen s o lu t i o n  so t h a t  hardness and t e n s i l e  s t re n g th  
were increased.  Oxygen s o lu t i o n  was a lso  cons idered t o  m a in ta in  
the d e fe c t  s t r u c t u r e  leading  t o  enhanced d i f f u s i o n  and s i n t e r i n g  
ra tes  i n d i c a t i n g  the  Importance o f  d i f f u s i o n  in th e  s i n t e r i n g  process.
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For these th re e  m e ta ls ,  th e  ox ide  vapour pressure is  h igh so the  
evapora t ion -condensa t ion  mechanism o f  pore rounding could be a c t i v e  a t  
h igh temperatures.  Jordan & DuwezCli41 a lso  examined the  e f f e c t  o f  
ox ide  f i l m s  on the  d e n s i f i c a t i o n  o f  copper compacts. They suggested 
t h a t  t h e  a c t i v a t i o n  energy f o r  d e n s i f i c a t i o n  could be reduced by 
using a hydrogen atmosphere to  reduce th e  ox ide  f i l m  which o the rw ise  
impeded s i n t e r i n g .
The e f f e c t  o f  su r face  ox ide  on s i n t e r i n g  has a ls o  been observed by 
Solov 'eva e t  a I (.12!).  Using a p r e -a l l o y e d  powder o f  80# Nicke l  -  
20# Chromium, they  found t h a t  an increased oxygen con te n t  gave a 
lower green d e n s i t y  and h ig he r  s in te r e d  d e n s i t y  than f o r  unoxid ised 
powder. They suggested t h a t  a v o l a t i l e  chromium ox ide  laye r  was 
formed which a s s is te d  vapour phase t r a n s p o r t .
The importance o f  v o l a t i l e  ox ides  has a lso  been s t ressed  by S co t t  & 
Bu tcherC l22) and Butcher & Lowe(123) in the  s i n t e r i n g  o f  B e ry l l iu m  
powder. The su r face  laye r  o f  ox ide i n h i b i t e d  the  i n i t i a l  s tages o f  
s i n t e r i n g  s ince  metal t o  metal neck fo rmat ion  was re ta rded .  However, 
in presence o f  c e r t a i n  i m p u r i t i e s ,  such as s i l i c o n ,  i r o n ,  n icke l  
and chromium as found in commercial b e r y l l i u m ,  compact ion and 
s i n t e r i n g  were observed t o  be enhanced. I t  was suggested t h a t  the  
ox ide  laye r  was broken by s i l i c a  which was able  t o  evaporate to  
form metal t o  metal necks. K in e t i c s  f o r  such a re a c t i o n  were 
favou rab le .
Thus, some authors  b e l ie v e  t h a t  ox id e  f i l m s  may I n h i b i t  s i n t e r i n g  
In de lay ing  neck fo rm a t ion  w h i le  o th e rs  suggest  t h a t  the  increased 
number o f  p o i n t  de fec ts  o r  fo rm a t ion  o f  v o l a t i l e  compounds can 
reduce the  a c t i v a t i o n  energy f o r  s i n t e r i n g .
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I t  was hoped t h a t  th e  re s is ta nce  method to  be desc r ibed in the  f o l l o w in g  
chap te r  f o r  s tudy ing  the  s i n t e r i n g  process would be s u f f i c i e n t l y  
s e n s i t i v e  t o  determine whether o r  no t  ox ide f i l m s  a f f e c t  the  s i n t e r i n g  
behav iour  o f  t i t a n i u m  powders.
6.  A METHOD OF FOLLOWING THE SINTERING PROCESS
In the  l i t e r a t u r e  survey,  i t  has been shown t h a t  t i t a n i u m  metal always has 
and ox id e  f i l m  on i t s  su r face .  For t h e  processing o f  t i t a n i u m  powders, i t  
is  o f  g re a t  i n t e r e s t  t o  be ab le  t o  account f o r  the  behav iour  o f  such f i l m s  
p a r t i c u l a r l y  dur ing  s i n t e r i n g .  La te r  I t  w i l l  be impor tan t  t o  know how 
q u a n t i t i e s  o f  oxygen in f lu en ce  the  mechanical p r o p e r t i e s  o f  the  bu lk  
m a te r ia l  bu t  the  p resent  work is concerned w i th  the  behav iour  o f  ox id e  
f i l m s  in the e a r l y  s tages o f  s i n t e r i n g .
From the d i f f u s i o n  data ,  i t  is  seen t h a t  an oxide  f i l m  may d is s o lv e  very 
r a p i d l y  a t  r e l a t i v e l y  low temperatures bu t ,  a l though  the f i l m  disappears ,  
i t  may not  reach an e q u i l i b r i u m  th roughou t  the p a r t i c l e s  in th e  t ime 
pe rm i t ted  f o r  s i n t e r i n g .  Thus, i t  Is p o ss ib le  t h a t  the  p r o p e r t i e s  o f  a 
powder m e t a l l u r g i c a l  p roduct  may not  be id e n t i c a l  t o  those o f  a m a te r ia l  
which a l ready  con ta in s  a u n i fo rm ly  d isso lved ,  e q u iv a le n t  q u a n t i t y  o f  
oxygen.
The study o f  Ramakrishnan & Tendo Ika r (116) on the  i n f lu e n c e  o f  ox ide  f i l m s
on s i n t e r i n g  suggests t h a t  o x id a t i o n  may produce an excess o f  su r face
vacancies which may help in the  a c t i v a t i o n  o f  the  s i n t e r i n g  process so t h a t  
the  mechanism o f  the  e a r l y  s tages p f  s i n t e r i n g  may be m o d i f ied .
Most o f  the  techn iques d iscussed in the  p rev ious  chap ter  f o r  s i n t e r i n g  
s tu d ie s  r e l y  on making measurements o f  neck d iameter  a t  i n t e r v a l s  dur ing  
the  s i n t e r i n g  process.  Th is  req u i res  r e l a t i v e l y  la rge powder p a r t i c l e s
f o r  accura te  measurement using m e ta I io g ra p h Ic  techn iques,  In the method
descr ibed here,  neck growth in fo rm a t ion  Is recorded c o n t in u ou s ly  bu t  not  
d i r e c t l y  and has t o  be conf i rmed by meta l log raphy .
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In o rd e r  t o  f o l l o w  the behaviour  o f  ox ide  f i l m s  dur ing  s i n t e r i n g ,  a very 
s e n s i t i v e  method must be used. Bulk t i t a n i u m  oxide has a ve ry  high 
r e s i s t i v i t y  and I t  was shown by J a f fe e  & CampbelIC44) t h a t  one atomic
per ce n t  o f  oxygen d isso lved  in t i t a n i u m  increases i t s  r e s i s t i v i t y  by
about  15# t o  about  56 pOcm. R e s i s t i v i t y  o f  t i t a n iu m  d io x id e  is  about
lO^^R cm so t h a t  the  reiToval o f  an ox id e  f i l m  w i l l  be in d ica te d  by a
large decrease in the re s is ta n c e  o f  a compact. R e s i s t i v i t y  is  a lso  a 
s e n s i t i v e  parameter w i t h  which t o  observe the  growth o f  necks between 
p a r t i c l e s .
The most common way o f  f o l l o w in g  the  s i n t e r i n g  process us ing re s is ta nce  
measurement is t o  express r e s i s t i v i t y  p, in terms o f  p o r o s i t y  e, using 
the  r e l a t i o n s h i p :
p = p^CI -  e)
where p is  the  r e s i s t i v i t y  o f  the  bu lk  meta l .  However, t h i s  method does 
not  r e l a t e  to  the  changes in geometry a t  the  neck between p a r t i c l e s .  The 
approach t o  be considered  here Is t o  regard the compact as an a r ray  o f  
l i n e a r  conductors  arranged p a r a l l e l  t o  one ano ther.
Resistance In 3-dimensions has been examined by Maxwell Cl 17) who considered 
f low o f  a c u r r e n t  th rough sur faces In the  conduc to r .  A t  the  boundary o f  
the  conductor  th e re  is  no c u r r e n t  f l o w ,  and the  conduc to r  I s  considered 
t o  be a tube w i t h  c u r r e n t  f l o w in g  a long i t s  a x i s .  Cons ider ing  s e c t ion s  
across the  tube,  the  q u a n t i t y  o f  e l e c t r i c i t y  e n te r in g  the  tube a t  one 
su r face  must be equal t o  t h a t  leav ing  a t  ano ther so the  s m a l le s t  se c t io n  
w i l l  l i m i t  the  c u r r e n t .  The conductor  may be considered as a c y l i n d r i c a l  
r e s i s t o r  having t h i s  s m a l le s t  s e c t i o n  as i t s  d iameter .
I f  we co ns ide r  a l i n e  o f  spheres as the  r e s i s t o r  then,  in s imple terms,  
i t s  r e s i s ta n c e ,  R, may be expressed as:
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where A Is the  length o f  the  l i n e  o f  spheres and A Is the  area o f  c o n ta c t  
o f  d iameter  d. The s i t u a t i o n  is  dep ic ted  in the f o l l o w in g  diagram 
( f i g u r e  8 ) .
F igure  8; Poss ib le  Conduct ion Path in a L ine o f  Spheres
The r e s i s t o r  may be considered as a c y l i n d e r  o f  d iameter  d, and, i f  we
cons ide r  one sphere,  o f  length D, hence i t s  re s is ta n c e :
R, -  4pP2ird
C 6 . 1  )
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I f  p a r t  o f  the  re s is ta n ce  Is due t o  a t h i ckne ss  o f  ox ide  f i l m ,  i t  may 
then be considered as a se r ie s  r e s i s t o r  made up o f  the re s is ta n c e  o f  
metal and the  re s is tance  o f  the  ox ide .
Th is  formula may be extended t o  a powder a r ra y  o f  n l i n e s  o f  spheres,  
so t h a t  f o r  a compact th e  t o t a l  re s is ta nc e  Ry Is g iven by:
J  n__
p = C  . . . .  C6.2)Ky K|_
The cons tan t  C i s  a geomet r i ca l  f a c t o r ;  f o r  s imp le  cub ic  packing C = 
I f  t he  compact d iameter  is  A and i t s  r e l a t i v e  d en s i ty  0 then i t s  
res I stance :
Ry = 4pj(, D2 C6.3)
7Td^  0A^
The model o u t l i n e d  above has the  d isadvantage in t h a t  i t  o n l y  cons iders  
the res is tance  o f  the  c e n t ra l  c y l i n d r i c a l  p o r t i o n  o f  each sphere and 
Ignores the  c o n t r i b u t i o n  t o  re s is ta n c e  o f  the  bu lk  o f  the  sphero id  
m a t e r i a l .  In the  s i n t e r i n g  process the  neck grows by a c c r e t i o n  o f  
m a te r ia l  f rom the  sphero id  so t h a t  the  sphere a c t u a l l y  decreases in 
d iameter .  In the  e a r l y  s tages o f  neck growth f o r  which the  equat ions o f  
Chapter 5 are a p p l i c a b le  and which Is now cons idered,  t h i s  e f f e c t  may be 
ignored.  The res is ta nce  o f  a sphere-neck p a i r  may be cons idered as being 
made up o f  the  re s is ta n ce  o f  a t ru nca te d  sphere, and t h a t  o f  a near 
c y l i n d r i c a l  neck made when m a te r ia l  f rom the  sphe r ica l  caps f i l l s  the  
o u te r  p o r t i o n s  o f  the  neck c r e a t i n g  a region  o f  o ve r la p .  The re s is ta nc e  
o f  a l i n e  o f  spheres w i l l  be a sca le  f a c t o r  t imes the  re s is ta n c e  o f  one 
sphere p lus one neck. The f o l l o w in g  diagrams show the  neck geometry 
( f i g u r e  9 ) .
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Figure 9: Neck Geometry f o r  the  Resistance Model
Ca) Resistance o f  t runca ted  sphero id  R^:
7t/2
R = 2 p  . dx
it / 2
4p r
irO „
Cosec 0 d0
—  iog tan  —  
ttD « - 2 0 ^ 4 )
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(.b) Resistance o f  Neck, R^:
Rn ^ i£ Ë  U -  Cos 9 )
îrd^
2
—^  C — ) Cl “  Cos 6 ) . .  . .  C6.5)
ttD d °
Equat ion 6.5 above does not  a l l o w  f o r  the  volume o f  m a te r ia l  In the  
annuius shown In f i g u r e  9(c )  as ACB and A ’ C 'B ’ , so we s h a l l  co n s ide r  
the  geometry o f  t h i s  neck in more d e t a i l .  I f  i t  is  assumed t h a t  the  
two spheres ove r lap  e q u a l l y  then f i g u r e  9Cc) shows the  geometry where 
8^ de f ines  the  t ru nca ted  sphero ids ,  and 0j de f ines  the e x te n t  o f  o ve r lap  
of  the  two spheres.  The i n f i l l i n g  volume CAB + C’ A 'B '  maÿ now be 
compared w i th  th e  o v e r lap  volume CPC' + CQC.
Over lap volume Is g iven by:
= 2irR^ (2 /3  -  Cos B, + 1/3 Cos^ 0. )
= ttR^ (4 /3  -  2 Cos 8| + 2/3  Cos^ 8. )
= ttR^. F| t 0 j ) . . . .  ( 6 . 6 )
I n f i  I l i n g  volume V| is  g iven by the  volume o f  the  c y 1inder  AA'B'B minus 
tw ic e  BCC'B'. The volume of  the  l a t t e r ,  a t ru nca ted  sp h e r i c a l  cap, is  
the  d i f f e r e n c e  o f  the  two sp he r ica l  caps, BPB' and CPC. Thus:
V| = ttR^ S in^ 8gCI -  Cos 6^) -  2nRp CCos 0  ^ -  Cos 8 + 1/3 Cos^ 8^
-  i / 3  Cos^ 8 . )
2s u b s t i t u t i n g  f o r  Sin 8^, and Cos 8 g ives :
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Y I ^  ttR C-4/3 ^ 6 Cos 0 1 “  8 Cos 8  ^ + 10/3 Cos^ 8 j )
= ttR . F2 C01 ï C6.7)
The r e l a t i v e  values o f  FjCOj) and have been c a l c u la te d  f o r  low
values o f  0j ( . i . e .  low values o f  d/D) and are compared In t h e  f o l l o w in g  
tab  le:
Table 9
Go d/D F , ( 0 , ) F2 C6 ,)
2° 2.83° 0.049 8 X I0"7 8 X 10"^
4° 5.66° 0.099 1.18 X ICT^ i .20 X IC T^
10° 14.16° 0.245 4.59 X 10"4 4.50 X ICT*
The values o f  F j ( .8 j )  and are so c lose  as t o  suggest  t h e  i d e n t i f y
F I (0 I ) = F2 C0 | )  but  re-arrangement shows t h a t ;
Fgle ) + 8 /3  ( l - C o s 6 . )
I t  may be concluded,  t h e r e f o r e ,  t h a t  the c y l i n d r i c a l  volume is  a lmost  
e x a c t l y  f i l l e d  by the  o ve r lap  m a te r ia l  and the  va lue  o f  R^ in 
equat ion  6.5 may be halved t o  a l lo w  f o r  reduced neck leng th .  Th is  on ly  
reduces the  values o f  R^ + R^  ^ by about  10 per cent .
The same conc lus ion  may be deduced' f rom the neck volume used t o  d e r i v e
the  s i n t e r i n g  equat ions as, in the  case o f  o ve r lap ,  the  neck o f  d iameter  x
and high x " / a  y i e l d s  an express ion  f o r  re s is tance :
^  , where a = D/2
ira
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Th is  value  does no t  inc lude  neck s ize  as a r e s u l t  o f  th e  geometr ic  
approx imat ions used. However, the  res is tance  va lue  w i l l  be ve ry  
low and w i l l  have l i t t l e  In f luence  on the  t o t a l  r e s i s ta n c e .
Let  us cons ide r  the  case o f  sphero ids  o f  630 pm having necks ranging 
in s ize  from 2% to  60^ o f  th e  I n i t i a l  d iameter .  Let  the  m a te r ia l  used 
be IMI 130 having r e s i s t i v i t y  o f  48pJ2cm. The re s is ta n c e  va lues  f o r  the  
two models c a lc u la te d  by equat ion  6.1 and the co r re c te d  equat ions  6 .4  
and 6,5 are ta b u la te d  below.
Table 10: Resistance c a l c u la te d  using equat ions  6 .4  and 6.5
d
(cm)
d/D
(degrees)
Rs
(ohms) 
Eq 6.4
(ohms) 
i (Eq  6.5)
(ohms )
^Maxwei1 
(ohms)
0.00158 0.025 1.43 0.00425 0.00024 0.00449 i .5521
0.00315 0.05 2.63 0.00366 0.00024 0.00390 0.3880
0.0063 0. i 5.75 0.00290 0.00024 0.00314 0.0970
0.0126 0 .2 1 1 .53 0.00220 0.00025 0.00247 0.0240
0.0189 0 .3 17.47 0.00181 0.00025 0.00206 0.0107
0.0252 0.4 23.51 0.00152 0.00025 0.00177 0.0061
0.0378 0.6 36.86 0.00106 0.00027 0.00133, 0.0027
I t  is  noted t h a t  one model p r e d i c t s  a res is tance  change in the  r a t i o  
o f  n e a r l y ' 600 : 1, w h i l e  the  o th e r  p re d ic t s  a r a t i o  o f  4 : I f o r  the 
range o f  neck s izes  cons ide red ,  i t  is a lso  i n t e r e s t i n g  t o  note t h a t  
the  neck re s is ta n c e ,  us ing the  co r rec ted  form o f  equa t ion  6 .5 ,  Is 
a lmost  cons ta n t .  Th is  may be exp la ined  s imply in t h a t  the  length increase 
o f  the  neck is  o f f s e t  by the Increase in neck d iameter  and the  t o t a l  
res is ta nce  decrease Is  due t o  the  decreased amount o f  sphero id  between 
the necks.
I t  remains t o  be seen in the  f o l l o w in g  exper imental  work which model is  
a p p l i c a b le  and whether such a model may be app l ied  to  3-d imens iona i  
a rrays  o f  spheres.
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7. EXPERIMENTAL PROCEDURE
7.1 M a te r ia l s
S t a r t i n g  m a te r ia l s  used Inc lude Iod ide grade c r y s t a l  bar  supp l ied  by 
t h e  Foote Mineral  Company, USA, and wrought ,  commercial p u r i t y  
ClMl 130) bar .
The iod ide  grade c r y s t a l  bar  prov ided a s t a r t i n g  m a te r ia l  w i th  ve ry  
low oxygen c o n te n t ,  <200 ppm by we ig h t ,  and was used f o r  making powder 
by t h e  h yd r lde -d ehyd r ide  process desc r ibed in se c t i o n  3 .4 .  Hydrogen 
was then removed by heat ing  in vacuum to  leave a metai powder.
The wrought ,  commercial p u r i t y  bar  used f o r  i n i t i a l  exper iments was 
a lso  used f o r  making sphe r ica l  powders by the  c e n t r i f u g a l  shot  
c a s t i n g  process descr ibed e a r l i e r .  The s phe r ica l  powders were then 
used in r e s is ta n c e  model exper iments.
Argon,  used as the  g love  box atmosphere,  was evaporated f rom a tank 
o f  l i q u i d  argon and c i r c u l a t e d  by p l a n t ,  which a lso  conta ined  beds o f  
manganese ox ide  and ca lc ium f o r  oxygen and n i t ro g e n  removal so the  gas 
cou ld  be re cyc le d .  P u r i t y  of  the argon was g e n e r a l l y  b e t t e r  than 
20 vpm each o f  oxygen and mo is tu re  f o r  t h i s  gas, bu t  could  be reduced 
by a f a c t o r  o f  10 using pure argon which by-passed the  c i r c u l a t i o n  
p l a n t .
Hydrogen used f o r  the  h y d r ld i n g  of  metal was p u r i f i e d  by use o f  a 
pa l lad iu m  d i f f u s e r ,  manufactured by Engiehard I n d u s t r i e s ,  and reduced 
t o t a l  Im p ur i t y  con te n t  t o  about  1 vpm.
7.2  Powder C h a r a c te r i s a t i o n
A v a r i e t y  o f  powder c h a r a c t e r i s a t i o n  methods has been used. S iev ing  
was used t o  separa te  the  requ ired  s i z e  f r a c t i o n s  o f  c e n t r i f u g a l  shot  
c a s t  (CSC) powder bu t ,  In the case o f  hyd r ide -d ehyd r ide  (HDH) powder.
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was on ly  used t o  e l im i n a t e  the coarse agglomerates (>l mm), the  
m a jo r i t y  o f  which were broken by the  v i b r a t i o n .
Spheres were separated from the  CSC powder by r o l l i n g  the  powder 
down a g e n t l y  i n c l i n e d  p lane .  Only sphe r ica l  p a r t i c l e s  would ga in  
s u f f i c i e n t  momentum t o  jump a small gap and r o i l  up ano the r  i n c l i n e d  
p lane ,  and thus be separated f rom non-spher ica l  p a r t i c l e s .  O p t ica l  
examinat ion was used as an a d d i t i o n a l  check t h a t  spheres were 
se le c te d .  These spheres were then washed in acetone to  remove any 
su r face  contamina t ion  p r i o r  t o  use.
Both types o f  powder were examined by,scanning  e le c t r o n  microscope 
(SEN) to  observe both the  shape and nature  o f  the  su r face  o f  the  
powders.
Two a d d i t i o n a l  methods were used t o  es t ima te  the  p a r t i c l e  s ize  o f  the  
HDH powders; p h o t o - e x t i n c t i o n  sedimehfometry and use o f  th e  F ishe r  
Sub-Sieve S iz e r .
The p h o t o - e x t i n c t i o n  sedimentometer measures the  i n t e n s i t y  o f  l i g h t  
t r a n s m i t te d  by a suspension o f  the powder in a s u i t a b l e  n on - re a c t i v e  
l i q u i d .  The logar i thm  o f  l i g h t  i n t e n s i t y  Is p ro p o r t io n a l  t o  the  
c o nce n t ra t io n  o f  p a r t i c l e s  o f  a g iven s iz e .  The maximum s ize  o f  the  
sample present  a t  a g iven t ime may be c a lc u la te d  using Stokes'
equat  i on : 
2 1.8 nh
g t  (a -  p) 
where x = p a r t i c l e  d iameter  (cm),
n = v i s c o s i t y  o f  the  l i q u i d  (Pa.s)  
h = sed imenta t ion  h e ig h t  (cm) 
g = 981 cm/sec
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a Is d e n s ity  o f  sample 
p is  d e n s i ty  o f  l i q u id  both In g/cm^ 
t  Is sed im en ta tion  t im e  (sec)
The L im i ta t io n  o f  t h i s  method Is t h a t  i t  does not d is t in g u is h  
between s in g le  p a r t i c le s  and agg lomerates. The sed im en ta tion  t im e 
is  re la te d  to  i t s  d e n s i ty  so t h a t  f o r  a g iven t im e  th e re  may be 
s in g le  p a r t i c le s  o f  a c e r ta in  s iz e  and d en s ity  o r  agglomerates which 
a c t  as ' p a r t i c l e s '  o f  la rg e r  s iz e  bu t lower d e n s i ty .
The re s u l ts  are g iven  as a p a r t i c l e  s ize  d i s t r i b u t i o n  and the  mean 
p a r t i c l e  s iz e  may be cons idered  as t h a t  s ize  f o r  which the  p r o b a b i l i t y  
o f  I t s  presence is  0 ,5 .
in the  F ishe r sub-s ieve  s iz e ,  the  f lo w  o f  gas th rough a bed o f  powder 
is  measured. The f lo w  ra te  is  a fu n c t io n  o f pore space, v is c o s i t y  
o f  the  f l u i d ,  the  leng th  and area o f  th e  powder p lug , the  s p e c i f i c  
su r face  o f  the  powder, and the  p ressure  d i f fe re n c e  across the  bed. 
Hence, I f  the  powder p a r t i c le s  are considered t o  be un i fo rm  and 
s p h e r ic a l ,  the p a r t ic le  s ize  may be c a lc u la te d .  Again , t h i s  method 
does no t d is t in g u is h  between s in g le  p a r t i c le s  and agglomerates, and 
f o r  the  above reason g ive s  a r e s u l t  which is  weighted towards the  
f i n e r  p a r t i c l e  s iz e s .
P a r t i c le  s iz e  may a ls o  be measured by a dso rp t io n  o f  la ye rs  o f  gas 
as in the  BET method. However, t h i s  method was not used because 
o f  the  danger o f  ra p id  powder, o x id a t io n  dur ing  t r a n s f e r  from the  
g love  box to  the  BET appara tus . O x id a t io n  experiments were c a r r ie d  
o u t  in a g love  box atmosphere from which a p a r t i c l e  s iz e  could  be 
In fe r re d ,  The o x id a t io n  experim ents were c a r r ie d  o u t  us ing  a 
Cahn e le c t ro -b a la n c e  and a chemical ba lance. Experiments were 
c a r r ie d  ou t a t  room tem pera ture  and w i th  the  powder heated t o  iOO°C
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using a ho t p la te  w h i le  s t i r r i n g  the  bed o f  powder t o  ensure 
p e n e tra t io n  o f  the  oxygen.
7 .5  Press i ng
Powder compaction was c a r r ie d  o u t  in a g love  box using a 250 KN 
r in g  p ress.
P e l le t s  o f  HDH powder were made in  th e  form o f  r i g h t  c y l in d e r s  by 
double ended p ress ing  In a tungsten  ca rb ide  l in e d ,  s te e l  d ie  o f 
6 .35 mm d iam eter bore. T h is  c o n f ig u ra t io n  aimed a t  ach iev in g  un ifo rm  
d e n s i ty  d i s t r i b u t i o n .  The d ie  was s l i g h t l y  tapered to  f a c i l i t a t e  
e x t r a c t io n  o f  the p e l l e t  and push rods. For each p ress ing  a z in c  
s tea re a te  lu b r ic a n t  was used on the  d ie  w a l ls  o n ly .
An alumina l in e d ,  brass d ie  was a ls o  cons truc ted  to  enable re s is ta n c e  
measurements t o  be made d u r in g  p re ss in g .
A V e rn ie r  d ia l  was a v a i la b le  f o r  measuring d isp lacem ent o f  the  p is to n
o f  the  press.
7 .4  Furnace Design
The s in te r in g  fu rnace  ( f i g u r e  10) c o n s is ts  o f  a w a ter cooled b e l l
in which th e re  Is a molybdenum w ire  hea t ing  e lement. The fu rnace  is
designed to  opera te  a t  up to  1500°C in a vacuum o f  1.33 mPa 
“ 5(10 t o r r ) . The hot zone o f  the  fu rnace  is  40 mm long and 40 mm 
in d iam eter. The c o n t ro l  thermocouple is  placed o u ts id e  the  hea t ing  
c o i l  and a reco rd ing  thermocouple p laced a t  the  bottom o f  the  hot 
zone. Th is  reco rd ing  thermocouple is  c a l ib ra te d  a g a in s t  thermocouples 
placed in the  specimen p o s i t io n  f o r  each o f  the  specimen ho lde rs  
used a t  a l l  furnace s e t t in g s  and hea t ing  ra tes  used. The thermocouples 
are o f  the  type  P la tinum  .+ 5^ Rhodium -  P la tinum  •+ 20^ Rhodium. The 
r a d ia t io n  s h ie ld s  are o f  molybdenum sheet.
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Power Is  supp lied  v ia  a Eurotherm tem pera ture  c o n t r o l l e r ,  ramp 
g ene ra to r  and t im e r ,  b u t  hea t ing  ra te s  are kept low t o  avo id  
c ra ck in g  o f  th e  a lumina in s u la t in g  m a te r ia l  which a c ts  as fo rm er f o r  
the  hea t ing  e lement.
F a i l  safe  mechanisms are Inco rpora ted  in  the c i r c u i t  o f  the  c o n t ro l  
thermocouple so, in case o f  emergency, I f  the  vacuum o r  w a te r supply 
should f a i l ,  the  fu rnace  would sw itch  I t s e l f  o f f .
A vacuum co up l in g  on the  top  o f  th e  fu rnace  is  used to  in s e r t  the  
specimen h o ld e r  f o r  d i la to m e t ry  and re s is ta n ce  measurement.
7.5 Resistance Measurement
Resistance measurement has been c a r r ie d  o u t  us ing  an Autom atic  AC 
Double Bridge  co ns tru c te d  by Autom atic  Systems L a b o ra to r ie s  L td .
T h is  apparatus is  capable o f  measurement o f  re s is ta n c e s  in the  range 
o f  1 ohms to  iOOO ohms a t  f u l l  accuracy o f  ^  4 p a r ts  in 10^ o f  r a t i o ,  
o r  _+ 10 ^ ohms in 25 ohms, o r  in the  range lOT^ ohms to  10^ ohms 
a t  a reduced accuracy o f  about 4 p a r ts  in  10^.
The the o ry  o f  a l t e r n a t in g  c u r re n t  b r id ge  methods has been d iscussed 
in d e ta i l  by H a g u e ( l iB ) .  In g e n e ra l,  the  p r in c ip le  u n d e r ly in g  these 
methods is  t h a t  the  re s is ta n c e  to  be measured is  in co rpo ra ted  in to  a 
network o f  known conducto rs  s im i la r  t o  the  Wheatstone network o f  
d i r e c t  c u r re n t  th e o ry .  Two p o in ts  o f  the  network are connected to  
a source o f a l t e r n a t in g  c u r re n t  w h i le  ano ther two p o in ts  are 
’ b r id ge d ' to  an ins trum ent which d e te c ts  a l t e r n a t in g  c u r re n t  
p o te n t ia l  d i f fe re n c e s .  The cons tan ts  o f  the  known conducto rs  are 
then ad jus ted  so t h a t  th e  two bridged p o in ts  are a t  th e  same 
p o te n t ia l  every in s ta n t .  Th is  c o n d i t io n  may be de tec ted  by a zero 
read ing  o f  the  d e te c to r .  Using the  known cons tan ts  o f  the  network
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the  re s is ta nce  may be measured. In t h i s  case, the  re s is ta n c e  o f  
the  specimen Is compared w i th  a s e t  o f  standard r e s is t o r s .  The 
r a t i o  o f  re s is ta nce s  Is v a r ie d  a u to m a t ic a l ly  by servo-m otors  and 
the  re s is ta n ce  measured when th e  motor is  s ta t io n a r y ,  Ind ica ted  
by the  zero quadra tu re  d i a l ,  the  c u r re n t  and v o l ta g e  are in phase 
and the  re s id ua l c u r re n t  reduced to  ze ro . Th is  Is p o s s ib le  i f  the  
frequency o f  measurement is  low so t h a t  capacitance between the  
con tac ts  is  m in im a l.  The re s is ta n c e  is  der ived  from a d i g i t a l  
d is p la y  o f  the  re s is ta n c e  r a t i o  where
Resistance R a tio  = R unknown___________
R unknown + R standard
Precuations taken t o  reduce e r r o r  were to  use sh ie lded  cables between
the  b r idge  and the unknown and standard re s is ta n ce s  to  reduce s t ra y
f i e l d  e f f e c t s .  These cables were a lso  o f  equal le n g th .  Check
balances w i th  the  leads reversed were made a t  balance to  ensure th a t
capacitance and inductance between the  source and b r id ge  were zero .
An AC b r idge  method was chosen in p re fe rence  to  a d i r e c t  c u r re n t
method to  e l im in a te  the p o s s i b i l i t y  o f  p o la r i s a t io n  in o x ide  f i lm s
which may have some in f lu e n c e  on the  s in t e r in g  behav iour.  A lso
very l i t t l e  power ( le s s  than 0.1 w a t ts )  is  d is s ip a te d  in the
re s is ta n ce  elements which inc lude  th e  m a te r ia l  being s in te r e d .
Connection o f  p o te n t ia l  and c u r re n t  leads to  the  specimen was made
in the  case o f  compressed p e l le t s  by p ress ing  a p la t inum  f o i l  to
the  ends o f  th e  p e l l e t .  P la t inum  w ire s  were a lso .used  in s id e  the
fu rn a ce . A t  h igh tem pera tu res , i . e .  g re a te r  than 1,000°C, t i t a n iu m
w ires  and f o i l s  were used as, above t h i s  tem pera tu re , d i f f u s io n
o f  p la t inum  in to  t i t a n iu m  was a pp re c ia b le  form ing in te rm e ta l l i e
compounds o f  high re s is ta n c e .  A t  low tem pera tures . I t  was
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advantageous to  use p la t inum  w ire  and f o i l  f o r  th e  c o n ta c ts  as 
these could be welded to g e th e r  c o n v e n ie n t ly  ensuring  good 
e le c t r i c a l  c o n ta c t ,  in the  case o f  s in g le  l in e s  o f  spheres, 
c o n ta c t  was made s im p ly  by p ress ing  th e  w ire  onto  the  spheres a t  
the  ends o f  the  l in e .
The co n ta c t  w ires  were sheathed in alumina and in co rpo ra ted  In the  
specimen h o ld e r ,
7.6 The D i la to m e te r
The d i la to m e te r  was co ns tru c te d  us ing  equipment manufactured by 
V ib ro -M e te r  AG. Length changes were detected using an in d u c t iv e  
d isp lacem ent t ra n s d u c e r ,  type  MS/1275, having a s e n s i t i v i t y  o f
0 .03  mV/V/pm. Th is  was powered by and .the  o u tp u t  s ig n a l  a m p l i f ie d  
by a C a r r ie r  Frequency A m p l i f ie r ,  type  8MC-1/A AO, which a ls o  
p rov ided an in p u t  to  a c h a r t  re co rd e r.  The maximum o p e ra t in g  
tem pera ture  o f  th e  t ra n s d u c e r  Is  70°C, and i t  t h e re fo re  has to  be 
kept is o la te d  from the  specimen using a push rod in  the  specimen 
h o ld e r ,  w h i le  keeping the  tra nsd u ce r  in a cool p a r t  o f  the  vacuum 
chamber e l im in a t in g  th e  need f o r  excess ive  vacuum s e a l .  Insu la ted  
e le c t r i c a l  co n ta c ts  were made through the  w a ll  o f  the  vacuum 
chamber. The specimen h o ld e r  and push rod were machined from 
annealed molybdenum bar and the  specimen ho lde r was in s u la te d  to  
p reven t th e  s h o r t  c i r c u i t  o f  re s is ta n c e  con tac ts  on i t s  w a l ls .  The 
t ra n sd u ce r  is  f ix e d  r e l a t i v e  t o  the  specimen h o ld e r  so o n ly  the  
push rod is  f re e  to  move. The d i la to m e te r  is  shown s c h e m a t ic a l ly  
in f ig u r e  1 0 (a ) .
C a l ib r a t io n  was c a r r ie d  o u t  using a machined s tandard o f  f u l l y  dense 
t i t a n iu m .
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7 .7  Examination o f  Specimens
The d e n s i ty  o f  as-pressed p e l l e t s  was measured in  g love  box atmosphere 
by we ighing th e  specimen on a chemical balance and measuring I t s  
dimensions using a m icrom eter.
The d e n s ity  o f  s in te re d  p e l le t s  could  be c a r r ie d  o u t  in the  same 
way bu t a lso  could be measured by xy lene  d isp lacem ent us ing  the  
fo l lo w in g  procedure:
1. The p e l l e t  is  weighe^d^ in a i r ,  Wj .
2. A w ire  is  t i e d  t o  the  p e l l e t  which is  then Immersed in xy lene  
and placed in a vacuum d e s s ic a to r  t o  d isp la ce  a i r  trapped in 
open p o ro s i ty  o r  p re ss ing  f a u l t s .
3. The p e l l e t  in the  xy lene  was removed from the  d e s s ic a to r  and 
the p e l l e t  suspended by i t s  w ire  from the balance beam w h i le  
immersed In the  xy lene  to  g ive  .
4. The p e l l e t  was removed from the  xy lene and excess l i q u id  removed 
from i t s  s u r fa c e .  The p e l l e t  and w ire  were then re-we ighed, W^, 
w h i le  suspended above the beaker o f  xy lene , I . e .  In a i r  
sa tu ra te d  w i th  xy lene  vapours.
5. The p e l l e t  was removed frcm the  w ire  and the  w ire  re-weighed 
in xy lene  vapour, W^.
6. The w ire  was immersed in the xy lene  to  the  same depth as when 
I t  c a r r ie d  the p e l l e t  and was then re-welghed, W^.
7. The s p e c i f i c  g r a v i t y  (SG) o f  th e  xy lene  was measured).
The b u lk  mean d e n s i ty  Is then g ive n  by:
BMD = W| X SG
CW^ -W^ ) -
Repeated measurements on the  saræ specimen show t h a t  va lues are re p ro d u c ib le  
to  w i th in  1,5^. The th e o r e t ic a l  va lue  f o r  the  d e n s i ty  o f  t i t a n iu m  was
taken to  be 4.51 gm/cm^.
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Meta Ilography
Some specimens were examined under th e  o p t ic a l  m icroscope. They 
were mounted, ground on s i l i c o n  ca rb ide  paper down to  600 g r i t ,  
fo l lo w e d  by p o l is h in g  on the  3 pm diamond compound wheel. The f i n a l  
stage o f  p o l is h in g  was c a r r ie d  o u t  us ing  a suspension o f  gamma- 
alumina in d i s t i l l e d  w a te r .  C e r ta in  specimens were etched us ing 
K r o l l ’ s reagent which c o n s is ts  o f  96 p a r ts  d i s t i l l e d  w a te r ,  2 p a r ts  
n i t r i c  a c id ,  and 2 p a r ts  h y d r o f lu o r ic  a c id .  The specimen was swabbed 
w ith  t h i s  s o lu t io n ,  r in se d  w i th  w a ter and then w ith  sodium 
b ica rbona te  s o lu t io n  to  n e u t ra l is e  the  h y d r o f lu o r ic  a c id  be fo re  a 
f i n a l  r in s e  and d ry in g .
Scanning e le c t ro n  m icroscopy was used to  examine th e  necks between 
p a r t i c le s  ob ta ined  on s in t e r in g  s in g le  l in e s  o f  spheres. P a irs  o f 
spheres were mounted on the  microscope stub end on, so t h a t  in some 
cases both su rfaces  o f  the  neck f r a c tu r e  could be observed.
8. RESULTS AND DISCUSSION
8 . i Powder Manufacture
The h y d r ide -d e hyd r ide  (HDH) process was chosen as a s u i ta b le  rou te  
using high p u r i t y  t i t a n iu m  bar prepared by the  iod ide  process and 
hydrogen o f  b e t t e r  than 1 vpm oxygen. The h y d r ld in g  c o n d i t io n s  were 
chosen to  produce a powder o f  mean p a r t i c l e  s ize  in  the  range o f  
I - IO  pm. Such a p a r t i c l e  s iz e  would ensure s u f f i c i e n t  o x id e  to  
produce a d e te c ta b le  in f lu e n c e  o f  ox ide  f i lm s  on the  s in t e r in g  
behav iour.
Hydrogen has a very  low s o l u b i l i t y  in  a - t i tan ium , i t s  maximum s o l u b i l i t y  
being 7.9 a tom ic percen t a t  about 300^0, so th a t  h yd r ide  fo rm a tio n  is  
p o s s ib le  a t  low te m pe ra tu re s . The compound TÎH2 , r e a d i l y  formed in
7 3 . . . /
73 -
the  presence o f  hydrogen, Is ve ry  b r i t t l e  end may e a s i l y  be m i l le d  
t o  form a f i n e  powder» For convenience, i t  is  d e s i ra b le  t o  heat the  
t i t a n iu m  o r  reduce i t s  b u lk  t o  speed the  k in e t i c s  o f  fo rm a tion  o f  
t i t a n iu m  h y d r id e .  The phase diagram o f  f ig u r e  5 shows the  hydr ide  
cannot be formed above about 600°C, and o n ly  a g-phase s o l id  s o lu t io n  
w i l l  e x i s t .  Th is  can not e a s i ly  be broken to  a f i n e  p a r t i c l e  s iz e .
A t tem pera tures up to  500^C the  h yd r ide  w i l l  r e a d i l y  form under 
hydrogen a t  a tm ospheric  p ressure ,
H y d r ld in g  was c a r r ie d  ou t by hea t ing  about 30 g o f  12.5 mm d iam eter 
c ry s ta l  bar In a stream o f  pure hydrogen a t  a tm ospheric  p ressure  and
3a f lo w  ra te  o f  5 cm /m in .  The phase diagrams show th e  lowest 
tem pera ture  f o r  h yd r ide  fo rm a tion  t o  be 320^0, but a t  t h i s  tem pera ture  
a tta in m e n t o f  e q u i l ib r iu m  was too  slow to  be c a r r ie d  o u t  in an o v e r­
n ig h t  c y c le .  A t 450°C the  0 - s o l id  s o lu t io n  is  r a p id ly  formed and, on 
c o o l in g  t h i s  decomposes to  form the  y - s o l id  s o lu t io n  whose 
com posit ion  approximates to  t h a t  o f  the b r i t t l e  h y d r id e .  H yd r ld in g  
was th e re fo re  c a r r ie d  o u t  by hea t ing  t i ta n iu m  a t  tem pera tures 
between 320°C and 500°C f o r  2 hours and co o l in g  In hydrogen.
The hyd r ide  was then m i l le d  in a v ib r a to r y  m i l l  by a t t r i t i o n  between 
tungsten  ca rb id e  b a l l s  In a tungs ten  ca rb ide  l in e d  m i l l  p o t .  M i l l i n g  
was c a r r ie d  o u t  f o r  v a r io u s  t im es and the  p roduct examined using a 
scanning e le c t ro n  m icroscope. A f t e r  4 hours m i l l i n g  ( f ig u r e  I I ) ,  
the  powder cons is ted  o f  small^ agglomerates (about 10 Pm d iam ete r)  
o f  f in e  powder. A f te r  8 hours ( f ig u r e  12) la rg e r  b a l l s  o f  up t o  200 pm 
d iam ete r were observed and these agglomerates were more numerous 
a f t e r  12 and 16 hours o f  m i l l i n g .  Th is  i s a re s u 11 o f  the  tum bIing  
a c t io n  o f  the  m i l l ,  and In d ic a te s  th a t  no advantage is  to  be gained
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by m i l l i n g  f o r  longer than 4 hours . There was no apparent d i f fe re n c e  
In m i l le d  p a r t i c l e  s ize s  o f  powder hydrlded a t  400°C and 500^0, and 
the  upper tem pera ture  was chosen f o r  subsequent h y d r ld in g  to  enable 
the  re a c t io n  to  be c a r r ie d  o u t q u ic k ly .  I t  was noted e a r l i e r  t h a t  
HohmannC17) se lec ted  450^C as the  optimum h y d r ld in g  tem pera ture  a f t e r  
i n i t i a l  hea t ing  a t  600°C to  c lean the  su rface  o f  the  t i t a n iu m  o f  ox ide  
and magnesium, and thus speed the  d i f f u s io n  o f  hydrogen to  the 
i n t e r i o r  o f  the sample. The s t a r t i n g  m a te r ia l  used by Hohmann was 
a l lo y e d  t i t a n iu m  o r  t i t a n iu m  sc rap ,  which are both repor ted  to  be, 
more d i f f i c u l t  t o  h yd r ide  than pure t i t a n iu m  and hence the  h igh i n i t i a l  
tem pe ra tu re .
The c o n d i t io n s  f o r  d eh yd r id in g  are  chosen w ith  the  a id  o f  the  p re ssu re -  
c o n c e n tra t io n  isotherms der ived  by M c Q u iI la n (27 ) , f ig u r e  6. These 
curves in d ic a te  the  pressure and tem pera ture  to  be used to  produce 
m a te r ia l  o f  known hydrogen c o n te n t .  For example, a t  600°Cam(pressure 
o f  1,33 mPa (10 ^ t o r r )  a hydrogen c o n c e n tra t io n  o f  10 ppm may be 
achieved. G a v r I io v a (75) s ta te d  t h a t  600°C should be the  maximum 
tem perature f o r  deh yd r id in g  un less  an a n t i - s i n t e r i n g  agen t, such as 
ca lc ium  o x id e . Is  p re sen t.  Th is  would a l lo w  deh yd r id in g  to  be c a r r ie d  
o u t a t  up to  900^0 w i th  increased e f fe c t iv e n e s s  a t  a g iven pressure 
bu t then p resents  th e  d i f f i c u l t y  o f  i t s  removal, in t h i s  work, no 
such a d d i t io n s  were used. 30 g samples o f  h yd r ide  powder were 
s lo w ly  evacuated in th e  de h yd r id in g  fu rnace  to  1.33 mPa and then 
heated to  the  chosen tem pera ture  u n t i l  hydrogen ceased to  be g iven 
o f f ,  i . e .  u n t i l  the  vacuum had re tu rne d  to  i t s  I n i t i a l  va lu e .  The 
powders were then examined by scanning e le c tro n  m icroscopy.
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Powder dehydrided a t  600^C ( f ig u r e  13) had many coarse agglomerates 
o f  powder which had become p a r t i a l l y  s in te re d .  These agglomerates 
were q u i te  f r i a b l e  bu t some p a r t i c le s  o f  up to  I mm d iam eter s t i l l  
remained a f t e r  s ie v in g .
Powder dehydrided a t  500°C ( f ig u r e  14) was y e t  more f r i a b l e  
as s in t e r in g  had taken p lace t o  a le sse r e x te n t .  The la rg e s t
agglomerates observed in t h i s  case were 200 pm across b u t  many were 
less than 50 pm. C lose r exam ination  o f  these p a r t i c le s  revealed 
the  presence o f  a rough su r face  composed o f  p a r t i c le s  many o f  which 
were less than 4 pm in d iam ete r.  These p a r t i c le s  appeared to  have 
rougher su rfaces  than those  dehydrided a t  600*^0.
in o rd e r  to  break up these agglomerates, some powder which had been 
dehydrided a t  600°C was b a i l  m i l le d  as in  th e  p re v ious  manner and 
samples removed a t  In te r v a ls  f o r  exam ination  in the  scanning e le c t ro n  
m icroscope. Rather than b reak ing  the  agglomerates, they became 
welded -together a f t e r  as l i t t l e  as 30 minutes ( f i g u r e  15). These 
agglomerates became more c o n so l id a te d  and increased in  s iz e  w ith  
f u r t h e r  m i l l i n g  ( f ig u r e  16).
M a te r ia l  dehydrided a t  500*^0 showed a s im i l a r  i n i t i a l  behaviour 
( f ig u r e  17) w i th  agg lom era tion  o f  f in e  p a r t i c l e s ,  bu t a f t e r  40 minutes 
f la t te n e d  agglomerates were observed which were b reak ing  up in to  
p la te le t s  o f  about 100 pm across ( f i g u r e  18). Th is  powder s t i l l  
conta ined  s u f f i c i e n t  hydrogen to  make i t  more b r i t t l e  than th a t  
dehydrided a t  600^0. The res id ua l hydrogen cou ld  a lso  a c t i v a te  the  
s in t e r in g  process. Th is  was confirm ed when a p e l l e t  made from t h i s  
m a te r ia l  gave o f f  hydrogen du r ing  s in t e r in g  and reached 98% 
th e o r e t ic a l  d e n s i ty ,  whereas powder dehydrided a t  the  h ig he r  
tem pera ture  and c o n ta in in g  hydrogen s in te re d  t o  bef-ween 90 and 94%
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Powder hydr lded and dehydrided a t  500°C, m i l le d  f o r  30 and 
40 m inutes re s p e c t iv e ly
Powder hydr lded  a t  500°C, m i l le d  f o r  4 hours, 2-s tage  
dehyd r id ing  a t  400 and 600°C
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d e n s i ty  under the  same c o n d i t io n s .  These re s u l t s  suggest t h a t  most 
o f  the  hydrogen should be removed a t  as low a tem pera ture  as p o ss ib le  
t o  preven t s in t e r in g ,  and then th e  powder heated to  600^C to  reduce 
the  hydrogen co n te n t t o  about 10 ppm In a vacuum o f  1.33 mPa. 
Dehydrid ing  was th e re fo re  c a r r ie d  o u t  by hea ting  In vacuum a t  400°C 
to  remove th e  m a jo r i t y  o f  gas. A t  t h i s  tem perature and 1.33 mPa, o n ly  
100 ppm o f  hydrogen remained. The powder was s t i l l  In I t s  f i n e l y  
d iv id e d  s ta te  and a f i n a l  hea t ing  to  600^0 a t  lO^C/mlnute removes 
the  remain ing hydrogen t o  a c o n c e n tra t io n  o f  10 ppm. Agglomerates 
o f  the  very f i n e  powder are shown In f ig u r e  19. The su rface  roughness 
o f  t h i s  m a te r ia l  appears g re a te r  than t h a t  ob ta ined  In the  p rev ious  
t re a tm e n ts .  The t im e re q u ired  f o r  a 30 g batch o f  powder to  be 
dehydrided was about 16 hours a t  400°C and 1 hour a t  600°C, bu t 
tem pera ture  and pressure c o n d i t io n s  in the  furnace determined the  . 
end o f  the  process.
The HDH process was c a r r ie d  o u t  on a sample o f  T I-6A I-4V  made by 
a rc  m e lt in g .  The powder ob ta ined  was s im i l a r  In s iz e  and appearance 
to  the  elemental powder. I t  was suggested by P i t t l n a t o  & H anna(l!9 ) 
t h a t  th e  I n t e r s t i t i a l  hydrogen tends to  be concentra ted  In the  
g-phase causing I t s  l a t t i c e  t o  expand. The su rround ing  a-phase deforms 
e l a s t i c a l l y  w i th  the  r e s u l t a n t  s t re sse s  a s s is t in g  the  c ra ck in g  o f  
the  a l lo y  and p e n e tra t io n  o f  hydrogen. Thus, I t  seems l i k e l y  t h a t  
the  HDH process would be v e ry ,s u c c e s s fu l  in making a l lo y  powder.
An experim ent on wrought commercial p u r i t y  C|MI 130) ba r ,  re qu ired  
longer t im e  f o r  h y d r ld in g  than d id  the  Iod ide  c ry s ta l  bar .  Th is  Is 
p robab ly  due t o  th e  p o ro s i ty  o f  th e  l a t t e r  f a c i l i t a t i n g  hydrogen 
p e n e t r a t lo n .
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The scanning e le c t ro n  m icroscope s tudy above shows t h a t  the  HDH 
rou te  can be used t o  make powder from Iod ide  p u r i t y  t i t a n iu m .  The 
powder Is prepared by hea t ing  the  t i t a n iu m  In f lo w in g  hydrogen a t  
500°C fo l low ed  by b a l l  m i l l i n g  f o r  4 hours. The metal powder Is 
then produced by a 2 stage d eh yd r id in g  process In vacuum C l .33 mPa) 
a t  400°C and 600°C, thus  a vo id in g  s in t e r in g  o f  the  powder. The metal 
powder c o n s is ts  o f  agglomerates o f  p a r t i c le s  o f  about 20 ym across , 
bu t co n ta in in g  f i n e r  p a r t i c le s  o f  about 4 ym d iam eter g iv in g  the 
p a r t i c le s  rough su rfaces  and h igh p o ro s i ty  ( f ig u r e  19).
S pherica l p a r t i c le s  f o r  use In the  s in t e r in g  model experim ents were 
manufactured a t  AERE, H a rw e l l ,  by the  c e n t r i fu g a l  sho t  c a s t in g  process 
descr ibed  In Chapter 3. As a range o f  p a r t i c l e  s ize s  and shapes is  
produced, these f i r s t  have to  be s o r te d .  The a p p ro p r ia te  s iz e  
f r a c t io n s ,  125 to  180 ym f o r  the  packing experim ents, and 500 to  
650 ym f o r  the s in te r in g  model experim ents. Spherica l p a r t i c le s  were 
then se lec ted  by r o l l i n g  p a r t i c l e s  down a plane In c l in e d  a t  
app rox im a te ly  20° to  th e  h o r iz o n ta l .  Spherica l p a r t i c le s  would ga in  
s u f f i c i e n t  speed to  Jump a gap In to  the  c o l le c t in g  c o n ta in e r .  For 
the  model experim ents In d iv id u a l  spheres were then o p t i c a l l y  s e le c te d .
8.2 O x id a t io n
As in d ica te d  In an e a r l i e r  s e c t io n ,  the  o x id a t io n  behaviour o f  metal 
powders is  cons idered  to  be no d i f f e r e n t  from t h a t  o f  b u lk  metal w i th  
one m ajor e xcep t io n ,  which concerns th e  d is s ip a t io n  o f  the  heat o f  
fo rm a tion  o f  the  o x ide  la y e r .  For powders the  ra te  o f  heat removal Is 
l im i te d  by r e s t r i c t e d  conduc tion  paths between p a r t i c l e s  and a 
s i g n i f i c a n t  r i s e  In tem pera tu re  w i l l  Increase the  ra te  o f  o x id a t io n  
and cause a f i r e .
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Figure 20. Room temperature oxidation of Titanium 
powder in box atmosphere of Argon-f20ppm Oxygen.
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The 0x1 d a t io n  o f  some samples o f  f r e s h l y  made HDH powder was s tud ie d
by continuous weighing In a g love  box atmosphere o f  argon c o n ta in in g
about 20 vpm oxygen, I . e .  Po^ = 2 .0  mPa C l.5 x  10 ^ t o r r ) .  The
w e igh t ga in  Is p lo t te d  In f ig u r e  20. O x id a t io n  I n i t i a l l y  obeys a
lo g a r i th m ic  law In agreement w i th  the  behaviour observed by o th e r
a u th o rs .  The re a c t io n  s tops a f t e r  about 2 days when a s ta b le  ox ide
f i lm  Is formed. The w e ig h t gain In t h i s  case was 0.11%. i f  I t  Is
assumed th a t  the  s ta b le  o x ide  f i l m  formed a t  room tem pera ture  Is
4.5 nm as found by Andreava(63) then , using the  nomographs o f
Russel I (3 ) ,  a mean p a r t i c l e  s iz e  o f  7 ,0  ym Is In d ic a te d .  Th is  assumes
a un ifo rm  ox ide  laye r Is formed o ve r  a sp he r ica l s u r fa c e .  Oxygen
a n a ly s is  o f t h i s  m a te r ia l  by th e  vacuum fus ion  method gave an oxygen
c o n te n t o f  0 .13 wt%. T h is  suggested t h a t  the  oxygen co n te n t o f  the
Iod ide  s ta r t in g  m a te r ia l  was about 200 ppm and t h i s  was confirmed by
a n a ly s is .  These re s u l t s  suggest t h a t  l i t t l e  conta Im ina t ion  takes
p lace d u r ing  the  h yd r ld e -d e h yd r ld e  rou te  f o r  powder p ro d u c t io n .
Another sample o f  powder was heated to  cons tan t w e igh t a t  100°C In the
same atmosphere and an Increase In w e igh t o f  0.16% was recorded. A t
tem pera tures above am bient, a t h i c k e r  ox ide  f i lm  Is formed and, us ing
R u s s e l l ’ s nomograph f o r  t h i s  s iz e  o f  p a r t i c l e ,  7 .0  ym, and t h i s
w e igh t Increase, an ox ide  f i l m  th ic k n e s s  o f  20 nm Is suggested. Th is
r e s u l t  Is re in fo rc e d  by the  work o f  SmlthC98) who measured a l im i t i n g
f i lm  th ic k n e s s  o f  16 nm us ing  e l i lp s o m e tr y  on b u lk  m a te r ia l ,  which
had been o x id is e d  a t  tem pera tures  between 24°C and 250°C In an
“ 5oxygen pressure o f  2.66 mPa C2 x  10 t o r r ) .
The o x id is e d  powder from the  above experiments was re ta in e d  f o r  
subsequent experiments to  examine the  e f f e c t  o f  o x id a t io n  on the 
p ress ing  and s in te r in g  behaviour o f  powders. A d i f fe re n c e  In
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behav iour may be expected as th e re  Is  a large d i f fe re n c e  in o x ide  
f i lm  th ickne ss  b u t l i t t l e  increase  in p a r t i c l e  d iam ete r.
8 .3  P a r t i c le  Size Measurement
As has a lre ad y  been mentioned, SEM exam ination o f  HDH powder shows 
rough, equ i-axed p a r t i c le s  m ost ly  o f  about 4 ym In d iam eter p resen t 
In agglomerates o f  about 20 ym d iam e te r.  The appearance and s iz e  
o f  t h i s  powder was l i t t l e  d i f f e r e n t  from th a t  o f  th e  t i t a n iu m  h yd r ide  
from which I t  is  made except t h a t  the  hyd r ide  appears to  have a 
rougher s u r fa c e .  I t  was noted t h a t  i f  deh yd r id ln g  is  c a r r ie d  o u t  
by hea t ing  d i r e c t l y  t o  600°C, th e  metal powder ob ta ined  is  p a r t i a l l y  
s in te re d  bu t t h a t  I f  the  2 stage process was used a f r i a b l e  powder 
was o b ta in e d .  As t h i s  process was to  be used f o r  powder p ro d u c t io n ,  
i t  was necessary to  f in d  o u t  whether s in t e r in g  occurred  so p a r t i c l e  
s iz e  measurement was c a r r ie d  o u t  on both the h yd r ide  powder and 
HDH powder by use o f  the F ishe r sub -s ieve  s iz e r  and the  photo- 
e x t i n c t io n  sedimentometer. A l l  samples were taken from One batch o f 
h yd r ide  m a te r ia l  from which a l l  samples o f  HDH powder were made in  
one ba tch . Hence, th e  number o f  samples Is l im i te d  bu t comparison 
o f  r e s u l t s  may be made s a fe ly .  The re s u l t s  are presented In ta b le  I I , 
Table I I :  P a r t i c le  Size (m icrons)
F ishe r Sed imentometer
TIH^ 3 .1 ,  3 .3  3.2 6 .6 , 13.0, 14.3, 7 .8 10.4 -3 .8
HDH 9 .3 ,  5 .7  7 .5 8 .0 , 17.0, 14.0, 10,9 12.5 -3 .9
Only 2 samples o f  each powder were measured by the  F is h e r  method 
and the  a r i t h m e t i c  mean is  g ive n . The sedimentometer uses less
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m a te r ia l  and 4 r e s u l t s  w i t h . t h e i r  mean and standard  d e v ia t io n  are 
g iv e n .  The suspending medium f o r  the  powder was c h lo ro fo rm .
The most n o t ic e a b le  d i f fe re n c e  in  these r e s u l t s  is  t h a t  the  F ishe r 
method in d ic a te s  a much f i n e r  p a r t i c le s  s iz e  than the  sedimentometer. 
However, th e  sedimentometer does not d i f f e r e n t i a t e  between s in g le  
p a r t i c le s  and agglomerates which behave as la rge  p a r t i c l e s .  The 
sedImentometer r e s u l t s  show o n ly  a s l i g h t  increase in  p a r t i c l e  s iz e  
on d e h yd r id ln g ,  from 10.4 t o  12.5 ym, bu t these r e s u l t s  l i e  w i t h in  
one standard  d e v ia t io n .  T h e re fo re ,  i t  must be concluded t h a t  l i t t l e  
s in t e r in g  takes p lace in  the  2 stage deh yd r id ln g  process used.
The F ish e r  re s u l t s  suggest t h a t  p a r t i c l e  s ize  increases from 3 .2  ym 
to  7.5 ym on d e h y d r id ln g .  However, the  e f f e c t  o f  hea t ing  o f  the  
h yd r id e  powder may cause a re d u c t io n  In the  su rface  roughness o f  
th e  p a r t i c l e s .  Th is  In tu rn  causes a re d u c t io n  in  su r face  area, 
which is  th e  parameter measured by t h i s  method from which p a r t i c l e  
s iz e  was deduced. The re d u c t io n  o f  su r face  area then im p l ies  a 
la rg e r  p a r t i c l e  s iz e .
The o x id a t io n  experim ent a lso  suggests a p a r t i c l e  s iz e  o f  7 .0  ym 
f o r  the  HDH powder so t h i s  f i g u r e  was used f o r  the  re s is ta n c e  
experim ents.
8.4  Press Ing
P e l le t s  o f  about 0 .5  g w e igh t were made from severa l powders and 
pressed a t  d i f f e r e n t  p ressures . Three batches o f  powder were used: 
(a) Powder exposed t o  g love  box atmosphere a t  room tem pera tu re ;
Cb) Powder exposed to  th e  same atmosphere a t  100^0;
Cc) Powder made by d eh yd r id ln g  a t  500^0, in p lace  o f  the  2 stage 
process f i n i s h in g  a t  600^0, and then explosed t o  g love  box
atmosphere.
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Figure 21. Variation of pellet resistance during 
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The natu re  o f  ox ide  f i l m  has been Ind ica ted  in  experim ents in  which 
the  re s is ta n c e  changes o f  a p e l l e t  o f  o x id ise d  powder have been 
fo l lo w e d  us ing  th e  AC b r id g e  d u r ing  p ress ing , using the  method 
described in  Chapter 7 .5 .  The v a r ia t io n  o f  re s is ta n c e  o f  a sample 
o f  0 .5  g o f  f r e s h ly  prepared HDH powder Is shown In f i g u r e  21.
A f te r  an i n i t i a l  curved p o r t io n ,  th e  lo ga r i th m  o f  re s is ta n c e  versus 
p ressure curve becomes l in e a r .  As in d ica te d  in  S ection  4 .2  d e a l in g  
w ith  th e o r e t ic a l  aspects o f  c o n s o l id a t io n ,  t h i s  Is the  stage when 
p la s t i c  de fo rm ation  o f  powder p a r t i c l e s  Is ta k in g  p la ce .  The i n i t i a l  
c u rv a tu re  is  due t o  p a r t i c l e  r e o r ie n ta t io n  and s l i p  In to  more 
favou rab le  p o s i t io n s .  The experim enta l p o in ts  show a c lo se  f i t  to  a 
smooth curve and the  re s is ta n c e  va lues suggest t h a t  o n ly  a small 
amount o f ox ide  f i l m  is  p resen t.  Should a con tinuous ox ide  f i l m  o f  
5 nm be on the  su rface  o f  p a r t i c le s  o f  d iameter 7 ym, then using 
equa tion  6 .3  a re s is ta n c e  o f  severa l m l l l i -o h m s  would be recorded.
I t  may be t h a t  the  s l i d in g  o f  p a r t i c l e s  over one ano the r and the  
p ress ing  a c t io n  has broken th e  o x ide  f i l m  to  g ive  good m e ta I- to -m e ta I  
c o n ta c t .  Th is  may have a ls o  c o n t r ib u te d  to  the  i n i t i a l  s e c t io n  o f  
the  curve .
A s e r ie s  o f  p e l le t s  was pressed a t  each pressure  between about 463 mPa 
(30 t s i )  below which the  green s t re n g th  was ve ry  low, and 1235 mPa 
(80 t s i ) .  The r e s u l t s  are p lo t te d  as log d e n s i ty  versus pressure  
in f ig u r e  22.
As expected the  re s u l t s  show a l in e a r  v a r ia t io n  o f  log d e n s i ty  w i th  
p ress ing  p ressure  between about 65 and 80$ o f  th e o r e t i c a l  d e n s i ty  
f o r  each type  o f  powder. Of the  2 HDH powders in which th e  f i n a l  
d eh yd r id ln g  stage takes p lace a t  600°C, the  o x id is e d  powder, b,
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compacts to  a lower d e n s i ty  f o r  a g iven  pressure than the  
unoxld lsed  powder, a. Th is  c o n t ra d ic ts  the  work o f  M a ch l ln (8 6 ) ' 
who found a lu b r ic a t in g  e f f e c t  due to  the  ox ide  f i l m  which should 
a s s is t  compaction. I t  Is  p o s s ib le  t h a t  the  o x id a t io n  process has 
caused a s l i g h t  roughening o f  the  p a r t i c l e  su rface  so t h a t  i t  w i l l  
n o t  pack to  such a g re a t  d e n s i ty  as the  unoxld lsed powder, bu t 
SEM exam ination  o f  the  powder cou ld  n e i th e r  co n f irm  nor r e j e c t  t h i s  
assumption.
The powder dehydrlded a t  500°C (c ) packs to  an even lower d e n s ity  
and t h i s  Is most c e r t a i n l y  due t o  I t s  g re a te r  agglomerate s iz e ,  as 
shown by scanning e le c t ro n  m icroscopy. Powder dehydrlded a t  600°C 
(a ) ,  f ig u r e  13, shows a much smoother su rface  than t h a t  dehydrlded 
a t  500°C ( c ) .
For the  s in t e r in g  experim en ts , a compaction pressure  o f  617 mPa 
(40 t s i )  has been used th roughou t as t h i s  was found t o  g ive  s u f f i c i e n t  
green s t re n g th  and re p ro d u c ib le  d e n s i ty .  The f o i l  co n ta c ts  used f o r  
re s is ta n c e  samples were a ls o  f i r m l y  f ix e d  using t h i s  p ressure .
Packing o f  Spheres
The packing o f  spheres was a lso  examined as t h i s  was im po rtan t f o r  
a p p l ic a t io n  o f  the  re s is ta n c e  model t o  3-dImensIonaI a rra ys  o f  spheres. 
The spheres were packed in  a c y l i n d r i c a l  po t cu t  from alumina tube 
having the  same dimensions as a p e l l e t ,  I . e .  i t s  In te rn a l  d iam eter 
was 5 mm. D i f f e r e n t  s iz e  f r a c t io n s  o f  spheres were packed in o rd e r  
to  choose the  s ize  o f  sphere which most c lo s e ly  resembled the  
c lo s e s t  random packing d e n s i ty ,  54%, achieved by Berna lC79). Of 
the  s iz e  f r a c t io n s  examined, spheres in  the  range 125 -  180 ym d iam ete r
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most c lo s e ly  reproduced th e  above d e n s ity  as, In the  s iz e  o f  
c o n ta in e r  used f o r  s in t e r in g  such compacts, la rg e r  s ized  spheres 
would form re g u la r  packed a rra ys  a t  the s ides o f  the  c o n ta in e r  and 
reduce the  d e n s i ty .  I t  was hoped t h a t  t h i s  s t r u c tu r e  would p rov ide  
an in te rm e d ia te  stage between the  re s is ta n c e  model and the random 
a r ra y  o f  the  HDH metal powder.
5 S in te r in g  o f  Compacts
I n i t i a l  s in t e r in g  experim ents were c a r r ie d  o u t under a v a r ie t y  o f  
c o n d i t io n s .  The hyd r ide  powder has been s in te re d  to  97^ th e o r e t ic a l  
d e n s ity  a f t e r  I hour a t  I350°C In vacuum. Metal powder prepared by 
the  HDH rou te  from commercial t i t a n iu m  (IMI 130) pressed a t  617 mPa 
(40 t s i )  and in the  same c o n d i t io n s  s in te re d  to  about 80% o f  f u l l  
d e n s i ty .  Metal powder prepared from pure t i t a n iu m  by the  HDH rou te  
s in te re d  t o  a s l i g h t l y  g re a te r  d e n s i ty  (90%) under the  same c o n d i t io n s  
suggesting t h a t  im p u r i t ie s  p resen t in commercial t i t a n iu m  i n h i b i t  
the  s in t e r in g  process. A s im i l a r  r e s u l t  was found by Goetzel & 
de M a rc h i ( l6 ) ,  who compared th e  spark s in te r in g  o f  magnesium reduced 
sponge and the  p u re r ,  sodium reduced sponge. The l a t t e r  s in te re d  
t o  a s l i g h t l y  g re a te r  d e n s i ty  than the  magnesium reduced sponge. 
Specimens which were s in te re d  using p la t inum  f o i l  c o n ta c ts  f o r  
re s is ta n c e  measurement exper im en ts , were heated a t  l3°C /m in  to  a 
s in t e r in g  tem pera ture  o f  a pp rox im a te ly  1250^0 and held a t  t h i s  
tem pera ture  to  observe s in t e r i n g .  A t h ighe r tem pera tu res , an 
e u te c t ic  o f  t i t a n iu m  and 40% by w e igh t o f  p la t inum  is  formed which 
m elts  a t  1310^0. S in te r in g  under these c o n d i t io n s  enables a d e n s i ty  
o f  about 93% to  be ob ta ined  a f t e r  2 hours a t  the  s in t e r in g  
tem pera ture . In a d d i t io n  to  re s is ta n c e  measurement the  s in t e r in g  
process was fo l lo w ed  using a reco rd ing  d i la to m e te r .  A t y p i c a l  s e t  o f  
curves ob ta ined  in 2 s in t e r in g  c y c le s  is  shown in f i g u r e  23.
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During the  s in te r in g  c y c le ,  the  increase  In tem pera ture  causes
an I n i t i a l  Increase In length  and re s is ta n c e ,  bu t la t e r  th e re  Is
co m p e t i t io n  between s in t e r in g  and ox ide  s o lu t io n  processes. A t
tem peratures between 500°C and 600^C, th e re  Is a c o n t ra c t io n  which
may be associa ted  w i th  the  s o lu t io n  o f  ox ide  f i lm  which is  ve ry
ra p id  a t  t h i s  tem pera ture . C a lc u la t io n  shows t h i s  shrinkage to  be
about t h a t  expected In a 5 mm long compact from complete s o lu t io n
o f  a 5 >vm f i lm  on s p h e r ic a l  p a r t i c l e s  o f  7 pm d iam ete r,  bu t the
abso lu te  va lue o f  t h i s  sh r inkage  Is obscured by such processes as
p a r t i c l e  r e ~ o r le n ta t Io n . On a second hea ting  cyc le  under the  same
c o n d i t io n s ,  I . e .  hea ting  a t  l3 °C /m lnu te  to  I250°C In a vacuum o f  
“ 56.65 mPa C5 x 10 t o r r ) ,  a c o n t ra c t io n  a t  t h i s  tem pera ture  was not 
observed. This con f irm s t h a t  ox ide  s o lu t io n  o r  p a r t i c l e  r e - o r le n ta t lo n  
was respons ib le  f o r  the sh r inkage  observed a t  500-600°C In the  f i r s t  
s in t e r in g  cyc le  but does no t d is t in g u is h  between the  2 processes, 
a lthough  such a ra p id  change is  more l i k e l y  to  be exp la ined  by the  
fo rm er process.
A second c o n t ra c t io n  and re d u c t io n  in  re s is ta n ce  was observed a t  about 
880°C denoting  the  a to  g phase t ra n s fo rm a t io n .  As the  tem pera ture  
was fu r t h e r  increased, the  re s is ta n c e  o f  the  compact increased u n t i l  
a t  about lOOO^C a steep drop in  re s is ta n c e ,  but w i th o u t  d i l a t i o n ,  
suggests neck growth is  ta k in g  p lace  w i th o u t  sh r inkag e . Th is  in d ic a te s  
neck growth by su rface  o r  volume d i f f u s io n  from the  su rface  o r  vapour 
t r a n s p o r t .  A t  the  s in t e r in g  tem pera tu re , a slow decrease In both 
re s is ta n c e  and leng th  was recorded . These changes are  not as la rge  
du r ing  the  second c y c le .  The re s is ta n c e  data ob ta ined  from the  
isothermal s in te r in g  stages d id  not enable s in te r in g  ra te  exponents 
to  be deduced.
8 5 . . . /
-  85 -
A p p l ic a t io n  o f  equation  6 ,3 ;
,2Rj -  4pA
2 2 ïïd 0A
to  experim enta l data gave a va lue o f  r e s i s t i v i t y  o f  th e  c o r re c t  
magnitude. For example, HDH powder In a p e l l e t  o f  length  and 
d iam eter o f  5 .0  mm s in te re d  to  95% d e n s ity  and a room tem pera ture  
re s is ta n c e  o f  about O.Olohms. Assuming the  p a r t i c l e  s iz e  to  be 
7 .0  ym and d/D from m icrographs o f  spheres s in te re d  under the  
same c o n d i t io n s  to  be 0 .1 ,  then r e s i s t i v i t y  is  about 50 yf^cm 
compared w ith  a repor ted  va lue  o f  42 yozm f o r  pure t i t a n iu m .  Th is  
leve l o f  r e s i s t i v i t y  may be expected from f ig u r e  2 t o  be th a t  
assoc ia ted  from the  s o lu t io n  o f  I a tom ic  percen t (about 3000 ppm 
by w e igh t)  o f  oxygen, bu t t h i s  va lue  Is  h ighe r than t h a t  shown by 
a n a ly s is  (about 1200 ppm).
Apart  from ox ide  s o lu t io n .  I t  was assumed above, t h a t  a re d uc t io n  In 
re s is ta n c e  cou ld  be accounted f o r  by p a r t i c l e  r e - o r le n ta t lo n  to  g ive  
a more dense s t r u c tu r e .  However, an experiment us ing  c e n t r i f u g a l l y  
shot c a s t  (CSC) spheres shows t h i s  to  be u n true . Spheres o f  a 
narrow s iz e  f r a c t io n  were packed In to  a small alumina pot la ye r  by 
la y e r  to  g ive  as h igh a packing d e n s i ty  as p o s s ib le .  The specimen 
was then heated to  I250°C and s in te re d  f o r  a shorF t im e  to  a l lo w  
necks to  form between p a r t i c l e s .  The micrograph o f  a s e c t io n  a t  the  
a x is  o f  the  specimen ( f ig u r e  ’24) shows areas o f  in tense  loca l 
s in t e r in g ,  as w e ll  as areas where l i t t l e  o r  no s in t e r in g  has taken 
p la ce ,  and la rge  areas o f  p o r o s i t y .  The apparent d e n s i ty  be fo re  and 
a f t e r  s in t e r in g  were both about 64^ and shrinkage about \ \%,  The 
areas o f  h igh p o ro s i ty  may th e re fo re  account f o r  an increase in 
re s is ta n c e .
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24 Section  through compact o f  spheres. I5X
Exten t o f  d i f f u s io n  o f  p la t inum  co n ta c t  in to  sphere. i20X
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,6 S in te r in g  o f  Lines o f  Spheres
8 .6 .1 .  Resistance Measurement
From the  above experiments on compacts o f  h yd r lde -d e hyd r lde  and 
sp he r ica l powders, I t  can o n ly  concluded th a t  q u a n t i t a t i v e  a n a ly s is  
o f  th e  s in t e r in g  process by re s is ta n c e  measurement Is ve ry  complex.
A s im p le r  s in t e r in g  model using a s in g le  l in e  o f  spheres would^be 
advantageous be fo re  ex tend ing  i t  t o  3-d imensional p a r t i c l e  a r ra y s .  
A n a lys is  o f  r e s u l t s  from s in t e r in g  o f  compacts In terms o f  the  
re s is ta nce  model is  very complex so. In o rd e r  t o  examine equa tions
6 .1 ,  6 .4  and 6 .5 In more d e t a i l ,  s in g le  l in e s  o f  spheres were 
s in te re d .  Only re s is ta n c e  measurement and m eta l log raphy  have been 
used to  examine the  s in t e r in g  b eh av iou r.  The s in te r in g  experiments 
were c a r r ie d  o u t  by p la c in g  the  re q u ire d  number o f  s p h e re s . in  a 
narrow bore alumina tube using p la t inum  o r  t i t a n iu m  w ire  c o n ta c ts  to  
f o l lo w  re s is ta n c e  changes. P la tinum  w ires  were used a t  low 
tem peratures where the  e x te n t  o f  re a c t io n  w ith  t i t a n iu m  was s m a ll .
The e x te n t  o f  t h i s  re a c t io n  a t  1030°C is  in d ica ted  by the  m icrograph 
In f ig u r e  25, and a comparison o f  th e  re s is ta n c e  r e s u l t s  shown In 
ta b le  13. The normalised re s is ta n c e  va lues f o r  experim ents using 
p la t inum  c o n ta c t  w ires  (PW 126) and t i t a n iu m  c o n ta c t  w ires  (PW 133) 
are very  c lo s e ,  0.0079 ohms and 0.0077 ohms r e s p e c t iv e ly ,  showing t h a t  
t h i s  leve l o f  in te r a c t io n  has l i t t l e  in f lu en ce  on r e s u l t s .  The 
e x te n t  o f  re a c t io n  is  g re a te r  a t  h ig h e r  temperatures f o r  which 
reason o n ly  t i t a n iu m  w ire  co n ta c ts  a re  used.
For these experim ents , spheres In the  s ize  range 600-650 ym were 
se lec ted  and measurement o f the  lengths o f  the  l in e s  suggested th a t  
the  mean va lue o f  d iam eter was 630 ym. In the f i r s t  exper im en ts , a 
column o f  spheres was heated to  625°C repea ted ly  t o  remove any
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adsorbed gas la ye r  as Ind ica ted  by a s ta b le  room tem pera ture
re s is ta n ce  va lue . The hea t ing  ra te  used was lO^C per m inute and
the  t im e a t  tem pera ture  was I hour. The experim ent was repeated
using th e  same hea t ing  ra te  bu t ho ld ing  a t  I030°C f o r  I hour and
c o o l in g  between runs t o  measure room tem pera ture  re s is ta n c e .  The
experim ent was repeated using columns o f  d i f f e r e n t  numbers o f
spheres and the  re s u l t s  presented In ta b le  12. Included in  the
ta b le  Is the  f i n a l  va lue  o f  re s is ta nce  per sphere.
Table 12: Desorp tion  o f  Gas as shown by Room Temperature
Resistance Values
Heat 1ng 
Cycle
Maximum 
Temp.
oc
Hold ing
Time
(h rs )
Resistance (ohms)
PW 123 
52 Spheres
PW 124 
34 Spheres
PW 125 
9 Spheres
1 625 1 0.8032 _
2 625 1 0.6197 0.5146 0.1072
3 625 1 0.6112 0.4632 0.1027
4 1030 1 0.4539 0.3363 0.0793
5 1030 1 0.4423 0.3126 0.0750
6 1030 1 0.4536 0.2938 0.0741
Resistance/Sphere 0.0087 0.0086 0.0082
The f i r s t  p a r t  o f  the  experim ent, the  heat t re a tm e n t  stage a t  625°C 
is  completed a f t e r  2 hours. Th is  stage a l low s  gas d eso rb t lo n  and 
oxygen s o lu t io n  to  take  place and was seen to  be complete by the  
very  small re d uc t io n  in re s is ta n ce  a f t e r  the  t h i r d  hour a t  tem pera ture  
Thus, in  a l l  subsequent experiments us ing CSC spheres, a heat 
t re a tm e n t  o f  2 hours a t  625^C was used. The second p a r t  o f  the  
experim ent a t  the  h ig he r  tem pera tu re . Is the  s in t e r in g  c y c le  and 
in subsequent exper im en ts , t h i s  was c a r r ie d  o u t  c o n t in u o u s ly  f o r
8 8 . . . /
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3 hours. The re s u l t s  In ta b le  12 a ls o  show a va lue  f o r  re s is ta n c e  
per sphere which Is a lm ost th e  same f o r  the  3 columns o f  spheres.
Th is  suggests t h a t  th e  c o n ta c t  e r r o r  a t  the  ends o f  th e  l in e  (a 
pI a t ! n u m - t l t a n 1um c o n ta c t  In t h i s  case) Is small and agrees w ith  
the  e a r l i e r  conc lus ion  t h a t  a t  t h i s  tem perature the  re a c t io n  between 
t i t a n iu m  and p la t inum  has l i t t l e  e f f e c t  on r e s i s t i v i t y .
A f u r t h e r  comparison was made a t  1240^0 where the  re s is ta n c e /s p h e re  
using p la t inum  w ires  (PW 129) was O.OlOOohms w h l le the  co rrespond ing  
va lue  using t i t a n iu m  w ires  (PW 135) was 0.0028ohms. The m a te r ia l  near 
the  w ire  con tac ts  in the  f i r s t  o f  these experiments was ve ry  b r i t t l e  
and t h i s  was a t t r i b u t e d  m a in ly  t o  In te ra c t io n  between t i t a n iu m  and 
p la t inu m  to  form an In te rm e ta I I I c  compound. Th is  e r r o r  cou ld  be 
e l im in a te d  I f  c o n ta c t  cou ld  be made on the  specimen a f t e r  I t  had 
been removed from I t s  tube  bu t,  In p ra c t ic e ,  t h i s  proved d i f f i c u l t  
t o  c a r ry  o u t .  F u r th e r  s in t e r in g  experiments were c a r r ie d  o u t  a t  
1424^0 us ing  t i t a n iu m  c o n ta c ts  (PW 134) and a t  625°C (PW 127), and 
825°b us ing  p la t in u m  c o n ta c ts .  The hea t ing  curves f o r  the  s in t e r in g  
t re a tm e n ts  o f  these l in e s  o f  spheres are shown in  f i g u r e  26.
These curves show a s im i l a r  hea t ing  behav iour. The abso lu te  
re s is ta n c e  va lues d i f f e r  as a r e s u l t  o f  the  d i f f e r e n t  numbers o f  
spheres in  each l i n e .  The g ra d ie n t  o f  these curves decreases a t  
about 600°C, due p a r t l y  to  f u r t h e r  gas deso rp t ion  b u t  m a in ly  to  .the  
onset o f  s in t e r in g .  Scanning e le c t ro n  microscope exam ina tion  o f  the  
specimens a f t e r  s in t e r in g  showed d i s t i n c t  necks were formed a t  825°C 
(PW 128), b u t  th e re  was no evidence o f  neck growth below t h i s  
tem pera tu re . The a - g t ra n s fo rm a t io n  was shown by a la rge  decrease 
In re s is ta n ce  a t  about 880°C. The h igh tem pera ture  experim ent 
showed an in c re as in g  re s is ta n c e  as the s in t e r in g  tem pera ture  o f  I424°C
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Figure 26. Heating curves fo r single lines of spheres.
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Figure 27. Comparison of oxidised (133) and 
unoxidised (126) spheres.
-  89 -
was approached, and t h i s  was a t t r i b u t e d  to  a re a c t io n  w ith  th e  alumina 
tube . HohmannClV) reported  t h a t  alumina is  o n ly  p a r t i a l l y  s ta b le  
a g a in s t  t i t a n iu m  In h igh vacuum. Some s o lu t io n  Is e v id e n t  a t  I200°C 
and s trong  s o lu t io n  o f  alumina occurs a t  I400°C causing e m b r i t t le m e n t  
o f  the t i t a n iu m .  On removal from the fu rnace , t h i s  specimen was very  
b r i t t l e  and o n ly  a few neck measurements could  be made,
A comparison o f  the  hea t in g  curves o f  s t ro n g ly  o x id is e d  CPW 133) and
unox ld lsed  CPW 126) samples has a ls o  been made In f i g u r e  27. Spheres 
were o x id is e d  by hea t ing  s lo w ly  in a i r  to  a un ifo rm  c o lo u r .  The 
o x id is e d  spheres had a ye l low  ox ide  la ye r  which from F lo w e r ’ s work 
(69) corresponds to  a th ickn e ss  o f  40 nm. Both experim ents used the  
same number o f  spheres, 32, and were s in te re d  a t  lOOO^C a f t e r  the
normal heat t re a tm e n t .  The ox ide  f i l m  a lone accounts f o r  the
re s is ta n c e  d i f fe re n c e  in t h i s  case. I t  may be seen th a t  the  
re s is ta n c e  o f  th e  o x id is e d  spheres decreases s h a rp ly  a t  about 500^0 
as ra p id  s o lu t io n  o f  the  ox ide  f i lm  takes p lace . A t 650^0 ox ide  
s o lu t io n  is  complete and the  2 curves become ve ry  n e a r ly  super- im posed. 
Th is  la ye r  o f ox ide  corresponds to  an increase o f  0 .02  wt^ oxygen 
when i t  is  f u l l y  d isso lve d  in a 630 pm sphere and w i l l  th e re fo re  not 
a f f e c t  r e s i s t i v i t y  o f  the  b u lk  m a te r ia l  to  any g re a t  e x te n t .  The 
r e s i s i t i v i t y  would p o s s ib ly  be increased from 48pfi-cm f o r  t h i s  m a te r ia l  
t o  about 50p0-cm as i t  re q u ires  1 wt^ oxygen to  Increase r e s i s t i v i t y  
o f  io d ide  t i t a n iu m  from 47pO-.cm to  56.6pO-cm, as in d ic a te d  in 
f ig u r e  2 from the  work o f  J a f fe e  & Campbell(4 4 ).
The re s u l t s  o f  these s in t e r in g  experiments are ta b u la te d  in  t a b le  13 
showing th e  s in t e r in g  tem pera ture , the  re s is ta n c e  measured a t  room 
tem pera ture  a f t e r  s in t e r in g ,  R, the  number o f  spheres, N, and the  
re s is ta n c e  per sphere, R/N.
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Tab le  13
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Experiment S in te r in g  Temperature N R(ohms) R/N
PW 126 1030 P t c o n ta c ts 32 0.2476 0.0077
PW 127 625 " 25 0.4174 0.0167
PW 128 825 " " 34 0.4345 0.0128
PW 129 1240 ”  " 32 0.3234 0.0100
PWi133 1030 Ti c o n ta c ts 38 0.2833 0.0074
PW 134 1424 ”  " 32 0.10379 0.00325
PW 135 1240 ” " 33 0.09201 0.00279
8 .6 .3 .  Specimen Exam ination
The s in te re d  l in e s  o f  spheres were broken from the alumina sheath f o r  
neck measurement. T h is  was f i r s t  a ttempted by success ive  s e c t io n in g  
o f  th e  specimen p e rp e n d ic u la r  to  the  neck. However, t h i s  was not 
t o t a l l y  r e l i a b le  as, In many cases, th e re  spheres were not p e r fe c t l y  
round and th e  d iam eter measured a t  the  w ides t  neck s e c t io n  would not 
then r e f l e c t  the  t r u e  c o n ta c t  a rea . These s e c t io n s  were o f  g re a t  
va lue  to  examine th e  p e n e tra t io n  o f  p la t inum  ( f ig u r e  25) f o r  examining 
the  l i n e a r i t y  o f  th e  columns o f  spheres ( f ig u r e  28), and f o r  c a r ry in g  
o u t  hardness measurements which r e f le c te d  th e  oxygen co n te n t o f  the  
m a te r ia l .  The necks were f i r s t  examined using scanning e le c t ro n  
microscopy be fo re  s e c t io n in g .
P a irs  o f  spheres were broken from the  l in e  o f  spheres and mounted end 
upwards in c o l l o id a l  g ra p h i te  on the  metal SEM s tubs .  In some cases 
the spheres were mounted so t h a t  both  s ides  o f  the  neck f r a c tu r e  cou ld  
be observed. M icrographs o f  the  necks were taken so t h a t  measurement 
o f  the  neck area could  be made by t r a c in g  round the  neck on t r a c in g  
graph paper. Th is  area was then used t o  c a lc u la te  the  e q u iv a le n t  
c i r c u l a r  d iam eter (BCD) o f th e  neck. As many neck measurements as
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29
30
Alignm ent o f  column o f  spheres. 30X
A s-rece ived  c e n t r i fu g a l  I y shot cas t p a r t i c l e
D e ta i l  o f  sphere su rface  a f t e r  s in t e r in g  a t  I030°C. 2000X
31.
32
31, 32, 33 Necks on spheres s i n t e r e d  a t  1040 C. E q u i v a l e n t
c i r c u l a r  d ia m e te rs  o f  70,  58 and 73 ym
34.
34, 35, 36 Necks on spheres s in te re d  a t  1040°C. E q u iva le n t
c i r c u l a r  d iam eters o f  72 and 88 ym. 35 and 36 are 
two f r a c tu r e  su rfaces o f  one neck. lOOOX
37
57, 38, 39 Necks on spheres s i n t e r e d  a t  1040 C. E q u i v a l e n t
c i r c u l a r  d ia m e te rs  o f  57, 60, 73 m ic r o n s .  lOOOX
40,  41, 42 Necks on spheres s i n t e r e d  a t  625 C. E q u i v a l e n t
c i r c u l a r  d ia m e te rs  45,  59 and 38 m ic rons
43.
44
45.
43,  44,  45 Necks on spheres s i n t e r e d  a t  825 C. E q u i v a l e n t
c i r c u l a r  d ia m e te rs  o f  39,  37, 3i ym
47.
W ê
48
46, 47, 48 Necks on spheres s i n t e r e d  a t  825°C. E q u i v a l e n t
c i r c u l a r  d ia m e te rs  o f  23, 19, 39 ym
49,
50.
51
49, 50, 51 Necks on spheres s in te re d  a t  1240 C,
52
52, 53, 54 Necks on spheres s i n t e r e d  a t  I240°C.  E q u i v a l e n t
c i r c u l a r  d ia m e te rs  o f  77, 129, 127 pm. 480X
55.
56.
5 7 .
55, 56, 57 Necks on spheres s i n t e r e d  a t  I240°C.  E q u i v a l e n t
c i r c u l a r  d ia m e te rs  o f  104, I I I ,  141 pm. 480X
58
59
60.
58, 59, 60 Necks on spheres s i n t e r e d  a t  I040°C,
c i r c u l a r  d ia m e te rs  o f  80, 84, 71 pm
Equ i va I e n t
61.
m
63
61, 62, 63 Necks on spheres s i n t e r e d  a t  I040°C
c i r c u l a r  d ia m e te r  o f  72, 65, 76 pm
Equ i va Ien t
64
65 W|
66.
64, 65, 66 Necks on spheres s i n t e r e d  a t  1040°C,
c i r c u l a r  d i a m e te r  o f  74, 63, 76 pm
Equ i va I e n t
67.
68.
67, 68, 69 Necks on spheres s i n t e r e d  a t  1040°C
c i r c u l a r  d ia m e te r  o f  73, 79, 78 ym
Equ i va l e n t
70.
71
72.
70
71
Neck on sphere s in te re d  a t  1040 C. E qu iva le n t  c i r c u la r  
d iam eter 74 ym
Small sphere adhered to  su rface  o f  la rge sphere be fo re
heati ng
and
72 a f t e r  re c ry s ta I  I Is in g  a t  the  s in t e r in g  tem pera ture  o f  1040 C
74.
73, 74, 75 Neck o f  spheres s i n t e r e d  a t  I424°C,  E q u i v a l e n t
c i r c u l a r  d i a m e t e r  o f  201, 143, 213 ym
76.
77.
76, 77 Neck on spheres s in te re d  a t  I424°C. E q u iva le n t  
c i r c u l a r  d im aters  216, 253 ym
79 Hardness t ra v e rs e  o f  sphere heated a t  1424 C
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p o s s ib le  were made bu t no necks were observed f o r  the  low tem pera ture  
specimen CPW 127) s in te re d  a t  625^C.
The a s -re ce ived  spheres o f  commercial p u r i t y  t i t a n iu m  ( f ig u r e  29) 
have a s l i g h t l y  roughened s u r fa ce ,  p robab ly  as a r e s u l t  o f  the  
s t a r t  o f  d e n d r i te  fo rm a tion  du r ing  c o o l in g .  Many o f  the  s in te re d  
spheres, e s p e c ia l ly  those s in te re d  a t  h igh tem pera tu re , had a s te p -  
11 ke s t r u c tu r e  on th e  su r face  ( f ig u r e  30 ) .  T h is  was a ls o  observed 
on separa te  spheres heated a t  h igh tem pera ture  and could  be due to  
re c ry s ta l  11 sa t  ion r e s u l t in g  from the s tresses  c rea ted  d u r ing  the  
s o l i d i f i c a t i o n  stage o f  the c e n t r i f u g a l  shot c a s t in g  process. Neck 
reg ions  appeared to  be f re e  o f  t h i s  s t r u c tu r e .  Scanning e le c t ro n  
m icrographs o f  necks are shown In f ig u r e s  31 to  77. Except f o r  the  
specimen s in te re d  a t  1424^0 ( f ig u re s  73-77 ),  the  necks g e n e ra l ly  
show a d u c t i l e  type  o f  f r a c tu r e ,  and th e re  was no evidence o f  ox ide  
o r  o th e r  In c lu s io n s  which would have been shown by charg ing  o f  the  
specimen in the  e le c t ro n  beam. The neck areas were not always
c i r c u l a r  as few o f  the  o r ig in a l  p a r t i c le s  were p e r f e c t l y  s p h e r ic a l .
Some o f  th e  necks appeared t o  have areas w i th in  them where co n ta c t  
between p a r t i c le s  had not taken p lace (e .g .  f ig u r e s  31, 41, 52, 56 and 
69) o r  had more than one main area o f c o n ta c t  (e .g .  f ig u re s  39, 52,
56 ) .  The t o t a l  co n ta c t  area was measured from the  m icrographs so th a t  
c a lc u la t io n  o f  an e f f e c t i v e  neck d iam eter was p o s s ib le .  The re s u l ts  
w i th  mean va lues and standard* d e v ia t io n ,a ,  are presented in ta b le  14,
iw ith  va lues o f  d/D where D = 630 m icrons. !
!
The ta b le  shows the  increase in  neck s ize  w ith  in c re a s in g  s in te r in g  |
tem pera ture . The neck s ize s  o f  o x id is e d  spheres s in te re d  a t  1040^0 *
showed no d i f fe re n c e  from those  o f  unox id ised  spheres and n e i th e r  is  '
th e re  any d i f fe re n c e  In th e  appearance o f  the  neck f r a c tu r e s .  Th is  !
9 2 . . . /
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In d ica te s  t h a t  the  presence o f  ox ide  f i lm s  has no In f lu e n c e  on the  
growth o f  necks.
Table 14; Neck Diameters measured from Scanning E le c tro n  
____________Micrographs______________________________________
Experiment S1n te r in g  Temperature 
OC
E f fe c t i v e  Neck 
Diameters
(m icrons)
Mean
Value
d
Standard 
Dev 1 a t io n  
a
d/D
PW 128 825 19, 37, 39, 31,
23, 39, 60
35.4 13.39 0.056
PW 126 1040 58, 70, 72, 57,
88, 60, 73, 73
68.9 10.34 0.109
PW 133 1040 Using 0x 1di sed 
spheres
84, 80, 72, 65, 
74, 63, 78, 74, 
73, 79, 71, 76, 
76
74.2 5.78 0.1 18
PW 129 1240 M l ,  129, 127, 
77, 104, 141
1 14.8 22.79 0.182
PW 134 1424 201, 143, 213 
216, 253
205.2 39.84 0.326
The experim enta l r e s u l t s  o f  re s is ta n c e  per sphere + neck and 
d iameter r a t i o ,  d/D, are p lo t te d  and compared w ith  th e  c a lc u la te d  
curves In f ig u r e  78. The re s u l t s  f i t  th e  lower curve  b e t t e r  than 
t h a t  which assumes a c y l i n d r i c a l  re s is ta n c e  path through th e  sphere 
necks (equa tion  6 ,1 ) .  However, the  2 models c o in c id e  f o r  la rge  neck 
d iameters when the  l i n e  o f  spheres does become a c y l in d e r  and 
d/D = I . A t  low neck d iam ete rs , a small e r r o r  in  measurement o f  
neck d iam eter would cause a la rge  d e v ia t io n  from the  c a lc u la te d  
re s is ta n c e  cf e i t h e r  model. Another reason f o r  th e  d i f fe re n c e  
between th e  observed data and the  experim enta l curve o f  equa tions  6 .4  
and 6 .5 may be due t o  the  u n c e r ta in ty  im p l i c i t  in the  model a t  low
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d/D va lues. In t h i s  case, the  neck re s is ta n c e  becomes inde te rm ina te  
In the  l i m i t  where neck th ic kne ss  and area approach zero . The 
re s is ta n ce  would then become i n f i n i t y  x ze ro . The experim enta l curve 
does, however, approach the  model curve a t  va lues o f  d/D g re a te r  than 
about 0 . i .
in the  case o f  p o in t  PW 128, o n ly  a few neck measurements were made 
b u t most f a l l  w i t h in  one s tandard d e v ia t io n  o f  the  mean v a lu e . The 
re s is ta n c e  va lue  Is h igh  i f  the  lower l in e  o f  f i g u r e  78 is  assumed to  
be c o r r e c t .  Close exam ination  o f  th e  neck micrographs o f  t h i s  
specimen, f ig u re s  43-48, In d ic a te  the  h igh p o ro s i ty  o f  these necks 
which would lead to  a high d iam eter r a t i o  f o r  the  observed re s is ta n c e .  
F igu re  47 shows evidence o f  the  specimen being charged by th e  e le c t ro n  
beam suggesting  the  presence o f  an in s u la to r  which would account f o r  
the  h igh re s is ta n c e  va lue f o r  the observe&diameter r a t i o .  I f  both 
these a f fe c t s  could  be c o r re c te d ,  t h i s  p o in t  would be moved towards 
the  lower c a lc u la te d  curve o f  equations 5 .4 and 6 .5 .
The nex t la rg e s t  neck s ize  ob ta ined  by hea t ing  a t  I030°C is  shown a t  
PW 126 and PW 133, th e  l a t t e r  being f o r  o x id is e d  spheres using 
t i t a n iu m  c o n ta c ts .  S im i la r  re s is ta n c e  va lues showed t h a t  no 
c o r re c t io n  was necessary f o r  re a c t io n  w i th  p la t inum  a t  t h i s  tem pera ture, 
Again, exam ination  o f  the  m icrographs, f ig u re s  31-39, and f ig u r e s  
58-70, show t h a t  the  p o ro s i ty  o f  the neck may have been under-es t im a ted  
so va lues o f  re s is ta n ce  and d jam eter r a t i o  may be c o r re c te d  towards 
th e  model curve o f  equa tions  6 .4  and 6 .5 .  The increase  in 
re s is ta n c e  a t  t h i s  tem pera ture  as a r e s u l t  o f  ox ide  f i l m  s o lu t io n  
in the  case o f  PW 133 w i l l  be ve ry  s m a l l .  The a d d i t io n a l  0.02% by 
w e ig h t p re d ic te d  by the  o x id a t io n  experiments would cause an increase 
in  r e s i s t i v i t y  o f  about 1.5%. Such a small increase would be d i f f i c u l t  
t o  d e te c t  o r  a t t r i b u t e  to  a s p e c i f i c  e f f e c t .
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The next la rg e s t  neck s iz e  was obta ined  by hea t ing  specimens a t  
]240°C. In the  case o f  PW 129, th e - re a c t Io n  between th e  p la t inu m  
c o n tac ts  and the  a d jo in in g  spheres was e x tens ive  fo rm ing  an I n t e r -  
metal l i e  compound and g iv in g  a ve ry  h igh re s is ta n c e .  The 
experim ent was repeated us ing  t i t a n iu m  co n ta c t  w ire s  PW 135, and 
the  co rre c ted  re s is ta n c e  va lue  using d/D f o r  PW 129 was then ve ry  
c lose  to  the  c a lc u la te d  cu rve . The specimen was ve ry  b r i t t l e  and 
o n ly  a few spheres cou ld  be preserved f o r  exam ina tion , e x p la in in g  
the  wide s c a t te r  o f  neck d iam eter measurements. The re s is ta n c e  
va lue  was r e l a t i v e l y  h igh and in d ica te d  a r e s i s t i v i t y  app ro x im a te ly  
tw ic e  t h a t  o f th e  s t a r t i n g  m a te r ia l .  Neck p o ro s i ty  seemed t o  be low 
so the  high re s is ta n c e  may be due t o  re a c t io n  o f  the  specimen w ith  
the  furnace atmosphere o r  re a c t io n  w i th  the  alumina tube as noted 
e a r l  1e r .
Some po l ished  s e c t io n s  o f  spheres were examined In the  o p t ic a l  
microscope and microhardness te s t s  c a r r ie d  ou t to  e s t im a te  the  
e x te n t  o f  co n ta m in a t ion .  Using a 20 g load f o r  hardness t e s t s  on 
as -rece ived  spheres, a va lu e  o f  255 VPN was measured. Spheres 
s in te re d  a t  1040^0 had a s im i l a r  hardness va lue , w h i le  those s in te re d  
a t  1240°C had a hardness o f  about 450 VPN which suggested the  
presence o f 2-3 a tom ic pe rcen t o f  oxygen. Th is  is  perhaps double 
t h a t  o f  th e  a s -re ce ived  m a t e r ia l . The o x id is e d  spheres o f  experim ent 
PW 133 s in te re d  a t  1040^0 had 'a  hardness o f  256 VPN both a t  th e  su rface  
and in the  co re ,  which suggested complete s o lu t io n  o f  the  oxhde f i l m .  
Spheres s in te re d  a t  I424°C (PW 134) had a very  h igh hardness. Using 
a 50 g load, th e  su r fa ce  la ye rs  had a va lue o f  800 VPN w h i le  the  
i n t e r i o r  hardness was 1200 VPN. F igu re  79 showed th e  core  to  have
9 5 . . , /
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a 2 phase s t r u c tu r e ,  w h i le  the  o u te r  layers  o f  the  sphere had a 
s in g le  phase s t r u c tu r e .  From the  work o f  Redden & ShambienC124) 
on the  v a r ia t io n  In hardness o f  t i t a n iu m  w i th  oxygen c o n te n t ,  both 
va lues corresponded to  an oxygen c o n te n t o f  about 10 a tom ic  percen t 
which Is In excess o f  the  s o l id  s o l u b i l i t y  o f  oxygen In t i t a n iu m  
a t  room tem pera ture . However, I f  the  s t r u c tu re  o f  these spheres Is 
a r e s u l t  o f  re a c t io n  w i th  the  alumina tube , t h i s  anomaly may be 
e xp la in e d .  Aluminium Is an «-phase s t a b i l i s e r  and a r e l a t i v e l y  slow 
d i f f u s in g  element In t i t a n iu m .  T h e re fo re ,  in the  t im e  a v a i la b le  f o r  
re a c t io n ,  I t  cou ld  form a s u b s t i t u t io n a l  s o l id  s o lu t io n  In both the  
su rface  and co re . The s t a b i l i s e d  «■'phase o f the  su rface  would p e rm it  
the  s o lu t io n  o f  more oxygen to  form a s in g le  phase s t r u c tu r e ,  w h i le  
the  core m a te r ia l  would have a 2 phase s t ru c tu re  w i th  the  same oxygen 
co n te n t  as the  su r face  la y e r .  A lthough t h i s  has l i t t l e  In f lu e n c e  on 
the  neck s iz e ,  the  re s is ta n c e  va lue Is very h igh and use o f t h i s  
fo rm a tion  has n o t  been used f o r  th e  s in t e r in g  e qu a t ion .
Using a 5 g load, hardness t ra v e rs e s  were c a r r ie d  o u t  on specimens 
s in te re d  a t  lower tem pera tures  to  see I f  the re  was any g ra d ie n t  o f  
hardness across th e  necks o r  between the  su rface  and core o f  spheres. 
No d e f i n i t e  g ra d ie n ts  cou ld  be found on any o f  the  specimens so I t  
may be assumed t h a t  oxygen becomes u n i fo rm ly  d isso lved  In the  sphere 
In the  t im e p e rm it ted  f o r  s in t e r in g .  A t y p ic a l  hardness t ra v e rs e  Is 
shown In f ig u r e  80.
I t  Is now poss ib le  t o  r e la te  th e  neck measurement data which g ives  
the  va lue o f  d/D in  the  re s is ta n c e  equations to  the  s in t e r in g  
equa tion  s ince  d/D = x /a .
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T h is  has been c a r r ie d  o u t  In the  fo l lo w in g  manner:
1. I t  is  assumed th a t  d/D Is measured w ith  reasonable accuracy 
so the  Ideal va lue  o f  re s is ta n c e  f o r  a given d/D may be found 
from the experim enta l curve o f  f ig u r e  78.
2. The va lue  o f  d/D as measured from the  micrographs Is the  same 
as th a t  a t  the  te rm in a t io n  o f  Isothermal s in t e r i n g .  I . e .  no 
fu r t h e r  s in t e r in g  takes p lace du r ing  c o o l in g .
3. The experim enta l r e s u l t s  may be normalised f o r  tem pera ture  and
number o f  spheres by m u l t ip ly in g  them by a f a c t o r  which Is  th e
r a t i o  o f  the  Ideal re s is ta n c e  va lue  per sphere f o r  the  s ta te d  
d/D and the  re s is ta n c e  o f  the  l in e  o f  spheres a t  the  end o f  
Isothermal s in t e r in g .
4. The measured va lues o f  re s is ta n c e  dur ing  the  iso therm al 
s in t e r in g  stage are m u l t i p l i e d  by t h i s  r a t i o  to  g iv e  the  room 
tem perature re s is ta n c e  pe r sphere.
5. The va lue  o f  d/D a t  any p rev ious  t im e In the  iso therm al s in t e r in g  
stage may then be read from the  graph ( f ig u r e  78 ) .
6 . Th is  va lue Is then used In th e  s in t e r in g  equa tions  so t h a t  a
p lo t  o f  log x /a  o r  log d/D a g a in s t  log ( t im e ) w i l l  g ive  a 
s t r a ig h t  l in e  whose s lope  Is the  exponent, n, o f  the  s in t e r in g  
equa tions .
Th is  procedure has been c a r r ie d  ou t f o r  experiments PW 126 and PW 135, 
the  re s u l ts  o f  which are pres’ented In ta b le  15 and from which the  
s in t e r in g  curves o f  f ig u r e  81 are o b ta in ed .
For th e  specimen s in te re d  a t  1240^0, PW 135, the  norm alised re s is ta n c e  
re s u l t s  were used t o  g iv e  x /a  va lues a t  d i f f e r e n t  t im es  o f  the  
Isothermal s in t e r in g  s tage . The r e s u l t s  are shown g r a p h ic a l ly  In
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T ab le  15: S i n t e r i n g  R e s u l t s
Time 
(mlns)
Temperature
C°C)
Resistance
Cohms)
Norma 11sed 
Resistance 
Cohms)
x /a  
Equations 
6 .4  & 6 .5
Experimental
Curve
PW 126
1 10 1030 0.8278 0.00361 0.065 0.093
140 0.8008 0.00349 0.072 0.096
160 0.7940 0.00346 0.073 0.097
190 0.7863 0.00343 0.074
210 0.7834 0.00341 0.075
240 0.7796 0.00340 0.077=d/D 0.098
measured
C o rre c t io n  f a c to r  = 0.0034 , s lope 0.12 
0.7796
0.07
PW 135
120 1240 0.09988 0.00271 0.142 0.192
180 0.09561 0.00260 0.160 0.200
210 0.09398 0.00255 0.170 0.202
240 0,09286 0.00252 0.177 0.205
270 0.09193 0.00250 0.183-d /D 0.207
measured
C o rre c t io n  f a c to r  = 0.00250 , s lope 0 .33 0.12
0.09193
f ig u r e  81. Using the  le a s t  mean squares method o f  Appendix I I ,  a 
s t r a ig h t  l i n e  o f  s lope 0 .33 was o b ta in ed . This corresponded to  the  
va lue p re d ic te d  by K uczynsk i(96) f o r  s in te r in g  where vapour 
t r a n s p o r t  Is the  dominant neck growth mechanism.
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A l in e  has a lso  been drawn through  the  experim enta l p o in ts  In 
f ig u r e  78, so t h a t  th e  re s is ta n c e  va lues o f  the  sphere and neck 
p a i rs  a u to m a t ic a l ly  Inc lude  a c o r re c t io n  f a c to r  f o r  the  s o lu t io n  
o f  oxygen a t  any t im e d u r ing  the  s in t e r in g  s tage . T h is  experim enta l 
curve has a lso  been used to  o b ta Ind /D  v a lu e s ,  which were then used 
in a le a s t  squares f i t  t o  produce ano the r s in te r in g  cu rve , a lso  shown 
In f ig u r e  81, the  s lope o f  which was 0 ,2 6 .  T h is  va lue  Is  c lo se  to  
t h a t  o f  0,16 p re d ic te d  by C ob le (107), Rock!and(108) and Johnson(99) 
f o r  neck growth by g ra in  boundary d i f f u s io n ,  and t h a t  o f  0 ,14 p re d ic te d  
by Kuczynsk i(96) and R ock !and(108) f o r  a su rface  d i f f u s io n  dominated 
mechanism. A vapour t r a n s p o r t  mechanism Is no t l i k e l y  under these 
c o n d i t io n s  as the vapour pressure  o f  t i t a n iu m  a t  t h i s  tem pera ture  is  
1.16 mPa (8 .7  x 10 ^ t o r r )  using S m l th e l Is ’ d a ta (34) and Is no t h igh 
enough to  cause s i g n i f i c a n t  m a te r ia l  t r a n s p o r t .
The va lue o f  the s lope f o r  spheres s in te re d  a t  I030°C was 0.12 and Is 
c lose  to  the  va lue o f  0 .16 p re d ic te d  by Johnson(99) and Coble(107) f o r  
neck growth dominated by g ra in  boundary d i f f u s io n ,  and t h a t  o f  0 .14 
p re d ic te d  by K uckzynsk l(96) and RockIand(108) f o r  a su r face  d i f f u s io n  
dominated mechanism. The d l la to m e te r  experiments a t  t h i s  tem pera ture  
show shrinkage which Im p lie s  a g ra in  boundary dominated mechanism. 
Treatment o f  the  re s u l t s  f o r  t h i s  specimen us ing experim enta l re s is ta n c e  
va lues gave d/D va lues ,  which produced a low va lue o f  0.07 f o r  the 
s lope o f  the  s in t e r in g  cu rve . The steep g ra d ie n t  o f  the  curve a t  
t h i s  p o in t  makes accura te  d e te rm in a t io n  o f  d/D ve ry  d i f f i c u l t .
These analyses were not a p p l ie d  to  specimens s in te re d  a t  h ighe r 
tem pera tures f o r  th e  reason o f  c o n ta m in a t io n ,  as a lre ad y  exp la in e d .
9 9 . . . /
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A t 800°C,the data ob ta ined  were n o t  s u f f i c i e n t l y  p re c ise  to  p e rm it  
a n a ly s is .  The la rg e s t  va lue  o f  d/D to  be measured was 0 ,18 which 
corresponds to  a l in e a r  shrinkage o f  about 7$. Th is  is  w e ll w i t h in  
the  5^ l im i t a t i o n  o f  Johnson’ s model beyond which the  geom etr ic  
approx im ations  are In v a l id .
The above re s u l ts  o n ly  In d ic a te  th e  s in te r in g  mechanisms o p e ra t in g  
f o r  neck grow th. Much more data would be requ ired  to  c a lc u la te  apparent 
d i f f u s io n  c o e f f i c ie n t s  and hence a c t i v a t io n  energ ies f o r  the  growth 
mechanism. Th is  would re q u ire  experim ents a t  tem pera ture  In te rv a ls  
o f  say 50°C, ra th e r  than 200^0 and use o f  a much longer isothermal 
s in t e r in g  s tage. The p resen t con t inuous  heating  process masks the  
p rec ise  moment when s in t e r in g  s t a r t s ,  and t h i s  makes i t  d i f f i c u l t  
t o  o b ta in  a va lue f o r  th e  d i f f u s io n  c o e f f i c i e n t .  However, t h i s  would 
re q u ire  a l o t  more t im e  f o r  exper im en ta l work.
3-Dlmens 1onaI Models
An a ttem p t has been made t o  e x t ra p o la te  th e  re s is ta n c e  model f o r  
s in g le  l in e s  o f  spheres to  3-d im ens1onal a r ra y s .  Resistance measurement 
o f  s in g le  a rra ys  o f  spheres have been made and compared w ith  t h a t  o f  a 
s h o r t  l in e  o f  spheres.
The re s is ta n c e  o f  a l in e  o f  3 spheres which were s in te re d  f o r  3 hours 
a t  I030°C (PW 138) was found t o  be 0.0239 ohms. Th is  compared w ith  a 
l in e  o f  32 spheres, PW 126, which had a re s is ta n ce  o f  0.2476 ohms 
a f t e r  a s im i la r  s in t e r in g  t re a tm e n t .  These re s u l t s  gave va lues o f  
0-0079 and 0.0077 ohms per sphere r e s p e c t iv e ly ,  showing the  
cons is tency  o f  s in g le  l in e  da ta .
The f i r s t  a r ra y  to  be considered CPW 132) was a c lose  packed a r ra y  w i th  
a basal plane o f  7 sphe res ,3 spheres In the  3 c e n t ra l  i n t e r s t i c e s  and 
a top  la ye r  o f 7 spheres. T h is  was packed In an alumina tube o f
10^ ) *... /i - -
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app rox im a te ly  2 .0  mm d iam ete r,  and as each sphere was o f  630 ym 
d ia m e te r , th e  basal la y e r  was held f i r m ly  in p o s i t io n .  E le c t r i c a l  
c o n ta c t  was made through p la t inum  f o i l s  pressed l i g h t l y  a g a in s t  
the  compact. The specimen was heat t re a te d  a t  625^0 be fo re  s in t e r in g  
a t  I030°C f o r  3 hours. A f t e r  s in t e r in g ,  the room tem pera ture  
re s is ta n c e  o f  t h i s  m a te r ia l  was 0.0246 ohms. C ons idering  the  
geometry o f  t h i s  specimen, th e  3 spheres o f  the  m idd le  la ye r  are 
each in co n ta c t  w i th  3 spheres In the  laye rs  above and below. There 
are thus 9 p a r a l le l  pa ths , in an e le c t r i c a l  sense, th rough which 
c u r re n t  may f lo w  In t h i s  a r ra y .  The re s is ta nce  per path Is thus 
9 X 0.0246 = 0.2214 ohms.
A second a rray  CPW 137) co ns is te d  o f  a base laye r o f  4 spheres, a 
m idd le  laye r o f  I sphere and a top  la ye r  o f  4 spheres. In t h i s  case 
th e re  are 4 conducting  pa ths . A f t e r  a s im i la r  s in t e r in g  c yc le  to  the
p rev ious specimen, the  room tem pera ture  re s is ta n c e  o f  t h i s  a rray
was 0.0532 ohms. Hence the  re s is ta n c e  o f  each path Is 
4 X 0.0532 = 0.2128 ohms.
In summary then : * ^ | - | - |  ^ 0.0239 ohms
*^ 4_[_4 ^ 0.0532 ohms
= 0.0246 ohms/~3“  /
These 2 va lues f o r  th e  re s is ta n c e  o f  a s in g le  path in  these a rrays  
are ve ry  c lose  to  one ano ther bu t d i f f e r  from th a t  in a s in g le  l in e  
o f  3 spheres by a f a c t o r  o f  10% In the  case o f  these a r ra y s ,  the re  
is  an e f f e c t i v e  t ru n c a t io n  o f  some o f  th e  spheres so th e  path length  
Is  less than th a t  in  the  s in g le  l in e  where co n ta c t  is  th rough  the  
n o r th  and south poles o f  the  spheres. Th is  would lead one to  expect
a path re s is ta n ce  f o r  an a r ra y  to  be less than t h a t  o f  th e  s in g le  l in e .
1 0 1 . . . /
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An a l t e r n a t iv e  approach to  these s im ple  3 dimensional problems is  to  
cons ide r th e  elements o f  re s is ta n c e  In each se c t io n  o f  the  a r ra y .
For example, the  l in e  o f  spheres c o n s is ts  o f  3 spheres and 4 necks 
In s e r ie s .  I f  and Rj  ^ a re  the  sphere and neck re s is ta n ce s  
re s p e c t iv e ly ,  then the  t o t a l  re s is ta n ce  f o r  the  l in e  Is  3R^ + 4R^.
In the  4 :1 :4  a r ra y ,  the re  are 4 necks In p a r a l l e l ,  4 spheres In 
p a r a l l e l ,  4 necks in  p a r a l l e l ,  and a h a l f  sphere c o n ta in in g  4 paths 
fo l low ed  by a m i r r o r  o f  t h i s  arrangement. Hence the  t o t a l  
re s is ta n c e :
«414 -  2 [ l / 4 R ^  + l/4Rs * 1/4R|^ * I / 8r J
= 3/4Rg * R^
The 7 :3 :7  a rra y  Is  more complex and can be exp la ined  using a s imple 
network. Consider f i r s t  a segment o f  the a rra y  c o n s is t in g  o f  
one t h i r d  o f  the  c e n t ra l  basal sphere, the  2 m u tu a l ly  c o n ta c t in g  
basal spheres and h a l f  o f  the  sphere located In c o n ta c t  w ith  these 
in the in t e r s t i c e  o f  the  c e n t ra l  la y e r .  F igure 82 shows the  
arrangement and I t s  e q u iv a le n t  c i r c u i t s .
I f  a v o ltag e  V Is  a p p l ie d  then by K l r c h o f f ’ s law the  sum o f  emf In 
each c i r c u i t  Is zero . Hence:
0 = l|CRl + «5 ' R^) -  l2«5 - *3^2
0 = ^2^^3 ^ «4 ' R5 ) "  1 1 R5 - (3R4
V = I j t R j  + «4> • 11R2 -  IgRy
1 0 2 . . . /
M0 3
R,s 3R
3R.
R4 = 3/2R^ .  R^
3 CR3 + R^) Rq “  i lF L  + Rk,)
R, = 5/4R_ + i  RN
F i g u r e  82: E q u i v a l e n t  c i r c u i t s  o f  7 : 3 : 7  a r r a y
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Using the  m a t r ix ;
-R.
CR, .  R5 .  Rg) "Rt -R^
“ R5 (-R^  + R4 + R5 ) "R4
-«2  * R4 * Rg'f " R4 {■'^4^1 * *^ 5 * '^ 2 ’ ■ '^2^1
+ (R| + R2 ) j ( R |  + Rg + R^^CR^ ■*■ R4 ■*' R^^ "  R5
= R1R3R4 + R1R2R4 ■*■ •^[‘^ 2S  R1R4R5 ■'■ R2R3R5 R2R3R4
\-z ~ y j|^CRi + Rc + Ro)(R-? + Ry, + Rtr) ”  RI "5 1
=> V { R j R j  + R | R 4 +  R j R ^  + R 3 R 5  + R 4 R 5  *  R 2 R 3  R 2 R 4  ■*■ R 2 R 5
Hence, when V = I ,  then t o t a l  re s is ta n c e  is  g iven by:
R = V _  = R i R j R j -  R 1 R 2 R 4 *  R i R g R g *  R 1 R 3 R 4 +  R 1 R 4 R 5 +  R 2 R 3 R 5 +  R 3 R 4 R 5 +  R 2 R 5 R 4
'3 RjRjt R|R^ + R|Rj+ RjRj+ R^ Rg* RgR]* R2R4* ^^ 5^
= RiRgCRgf R4+ Rg) + RgR4(R|+ Rg* Rg) + RgR^Rg* R1R4R5 
R1CR3+ R^+ Rg) + RgCRg* R4+ Rg) * R3R4 + R4R5
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To so lve  t h i s ,  l e t  -  4X and R^ -  4Y
T here fo re ;
R| -  2X
Rg -  I 2 U( ^ Y)
R, =.  2X + 5Y
R^ = 4X + 6Y
^  = 2 X + 2 Y
S u b s t i tu t in g  these va lues In th e  above equation  f o r  R:
R = 384X^ + 1384X^Y + I552XY^ + 480Y^
128X2  ^ I332XY + |98y2
which in terms o f  R^ and R^ becomes:
R = 6R^3 + 2 l.625R^2p^ + 24.25 R^R^^ 7.5R^^
I6R^2 + 83.25R^Rg + I2.375R^2
For the  complete 7 :3 :7  a r ra y ,  th e re  are 3 p a r a l le l  paths o f  tw ic e  
the length having t h i s  re s is ta n c e  so the  re s is ta nce  o f  the  a rra y  
is  tw o - th i r d s  o f  t h i s  va lue .
S u b s t i t u t io n  o f  t ie  t h e o r e t i c a l  va lues o f  R^ and R^  ^ ob ta ined  using 
equa tions 6 .4  and 6 .5  f o r  d/D = 0 .07 should g ive  va lues f o r  the  
re s is ta n c e  o f  the  a rra ys  f o r  the  c o n d it io n s  In which they  were 
s in te r e d .  Thus;
R jI I = 0.01146 ohms
R4 J4 = 0.00275 ohms
R^^y “  0 .00137 ohms
1 0 4 . . . /
-  1 0 4 -
Once aga in , t h i s  a d d i t iv e  approach takes no account o f  th e  e f f e c t i v e  
t r u n c a t io n  o f  the  spheres so the  re s is ta n ce s  o f  th e  3 d imensional 
a r ra ys  w i l l  be somewhat lower. The re s is ta n ce s  p re d ic te d  by t h i s  
a n a ly s is  and t h e i r  r e la t i v e  magnitudes were not observed in p ra c t ic e .  
U n fo r tu n a te ly ,  t im e  d id  not p e rm it  an In v e s t ig a t io n  o f  t h i s  
d iscrepancy.
The assumption t h a t  was small may be erroneous, I t  Is  p o s s ib le  
t h a t ,  in the  case o f  the  a r ra y s ,  some r e o r ie n ta t io n  o f  the  spheres 
Is poss ib le  as was noted d u r ing  th e  s in t e r in g  o f  compacts o f  spheres. 
Th is  would cause c ra ck in g  a t  the  necks thus  Inc reas ing  t h e i r  
re s is ta n c e .  Th is  is  less l i k e l y  in  the  s in g le  l in e  where spheres 
are arranged v e r t i c a l l y  and where the  d iscrepancy Is le a s t  Ca 
fa c to r  o f  2 ) .  However, no obv ious c ra ck in g  was observed.
I t  Is thus apparent t h a t  a p p l ic a t io n  o f  the re s is ta n c e  model to  
3-d imensional a rrays  is  ve ry  com p lica ted . Much work remains to  be 
c a r r ie d  o u t  on the  In te r p r e ta t io n  o f  s im ple  models be fo re  t h i s  
method may be used t o  examine th e  s in te r in g  o f  powder compacts.
9. CONCLUSIONS
1. The e a r ly  work on metal powder manufactured by th e  h y d r ld e -d e h y d r ide 
rou te  has shown t h a t  ox ide  f i lm s  reduce the  d e n s i ty  o f  green powder 
compacts by a small amount. However, these ox ide  f i lm s  d is s o lv e
r a p id ly  on hea t ing  t o  600^0, and then  do not a f f e c t  the  s in te r in g
process a t  the  hea t ing  ra tes 'exam ined .
2. Small compacts o f  s p h e r ic a l  p a r t i c l e s  show th a t  s in t e r in g  begins a t
va r io u s  p o in ts  In the  compact and th e  re a c t io n  is  not homogeneous.
1 0 5 . . . /
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A re s is ta n c e  model which may g ive  In fo rm a t io n  about th e  s in t e r in g  
k in e t i c s  can th e re fo re  o n ly  be a pp l ie d  t o  s imple a rra ys  o f  
spheres,
3. A model has been proposed f o r  the  re s is ta n ce  changes d u r in g  the  
s in t e r in g  o f  a l in e  o f  spheres and experiments have been c a r r ie d  
o u t using an AC b r id g e  f o r  re s is ta n c e  measurement.
4. The re s is ta n c e  model can be used t o  In d ic a te  the  changes o f  neck 
geometry du r ing  the  s in t e r in g  o f  a l in e  o f  spheres and thu s  produce 
data f o r  use in s in t e r in g  equations and hence to  deduce the  
dominant s in t e r in g  mechanism under c e r ta in  c o n d i t io n s .
5. E le c t r i c a l  re s is ta n c e  data have been used In the  proposed model to  
determ ine the mechanism o f  s in t e r in g  o f  t i t a n iu m  a t  I030°C and 
1240^C. The s in t e r in g  appears t o  be c o n t ro l le d  by g ra in  boundary 
d i f f u s io n  o r  by su rface  d i f f u s io n  w h i le  d l la to m e t ry  in d ic a te s  the  
f i r s t  mechanism to  be dominant.
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APPENDIX
C a lc u la t io n  o f  Mean and Standard D e v ia t io n
The mean x  Is formed using the  r e la t io n s h ip
The standard d e v ia t io n  a Is g iven by:
= J C—^  C  Cx. -  x ) ^  f . ) 
V n - l  i = I '
where n Is the  t o t a l  number o f  o bse rva t io ns ,
Xj is the value o f  the  I o b s e r v a t i o n  and f j  the  frequency o f  I t s  
occurrence.
CUL
APPENDiX I I
C a lc u la t io n  o f  the  s lope  o f  a curve
The s lope m o f  a l i ne  o f  the  form y -  mx + c Is ob ta ined  using the  
f o l lo w in g :
= <[xy -
n
where x and y are th e  observed data p o in ts  and n Is the  number o f  p o in ts
